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Abstract
Vehicular communication systems are integral for efficient highway operational man-
agement and for mitigating severe traffic congestion. While vehicular ad hoc networks
(VANET) are reliable and provide avenues to minimal reliance on existing infrastructure,
they can experience high communication overhead and network disruptions. Vehicular
micro clouds (VMCs) provide a promising solution to overcome the challenges of VANET
by reducing communication latency through cooperative and collaborative resource al-
location and data offloading. This thesis offers a comparative performance analysis of
freeway incident management and vehicle platooning, comparing VANET communica-
tions versus stationary and platoon-based dynamic VMCs. Specifically, it studies speed
and lane-changing advisories in addition to freeway platooning. To further enhance the
analysis, the performance of both communication architectures is evaluated using com-
munication protocols of DSRC versus cellular technologies of C-V2X, 4G LTE, and 5G
NR for latency, bandwidth, range, and deployment considerations. The system-level
features, such as driving safety and vehicular mobility are measured to evaluate the effi-
cacy of the communication systems under incident-induced traffic conditions. The study
uses the AIMSUN microscopic traffic simulator to model and analyze the performance
of the proposed systems. Key performance indicators include communication latency
and packet loss ratio. In addition, the stationary and dynamic cloud systems show ad-
vantages in reducing travel time delay, even at high penetration rates of the connected
vehicles, whilst reducing collision risks. On average, we observe improvements in travel
time by 10% by implementing vehicular clouds over traditional ad-hoc networks. From
a communications standpoint, the overall latency delay and packet loss are reduced by
7% and 11%, respectively, with the implementation of cloud models. The findings also
delineate the benefits of dynamic cloud models, given their improved manoeuvrability,
can maximize the computational capabilities of CVs, even at high market penetrations
in large-scale freeway demands. The results suggest a shift towards more reliance on con-
nected vehicular clouds to minimize the risks associated with message interference and
system overload, whilst fostering advancements in intelligent freeway traffic management
systems.

Keywords: VANET, vehicular clouds, communication latency, package
loss ratio, traffic mobility and safety, incident management, platooning
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Chapter 1

Introduction

1.1 Background

In an era of Internet of Things (IoT) and in combination with the emergence of Con-
nected Vehicles (CVs), a very promising avenue has presented itself to combat increased
tra�c demand and congestion. The need to enhance the operational capacity of existing
highways is steadily rising due to the growing demand for the movement of people and
goods. In fact, in Canada, the cost of congestion on the Canadian economy surpasses $4
billion dollars, annually (Hasnine et al. 2020). Constructing additional road networks is
not a feasible or economically viable option, and the bene�ts are not necessarily guaran-
teed. CAVs, in combination with advanced communication strategies, is an important
niche of transportation engineering to explore given the increasing market penetration
of connected vehicles. Given projections that in 2030, the market will reach the size of
over 2.3 trillion U.S. dollars (Abdelkader et al. 2021), it is crucial to explore how such
technologies can improve operational performance on freeways.

To facilitate the development of connected and automated vehicle applications and
improve transportation network infrastructure's e�ciency, researchers have proposed
vehicular ad-hoc networks (VANETs) to enable CVs to exchange real-time tra�c data,
which is a critical component for intelligent tra�c management systems. Vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I) communication can assist in leveraging
real-time tra�c data for highway operation management. VANETs facilitate fast and
e�cient communication of intelligent tra�c management systems to mitigate congestion
and enhance overall tra�c network performance. Speci�cally, VANET is the foundation
for the communication between the vehicle drivers, to evade any acute situation including
accidents on roads, roadblocks, speed control, and even e�cient emergency evacuation
of authorized vehicles.

Despite the advancement in communication technologies and their potential bene�ts,
several limitations and uncertainties surround VANET deployments. These limitations
include but are not limited to implementation cost, infrastructure robustness, communi-
cation stability, and scalability (Bey and Tewolde 2019; Molina-Masegosa and Gozalvez
2017(a); Molina-Masegosa and Gozalvez 2017(b); Bartoletti et al. 2021; Alalewi et al.
2021). Previous studies have focused on infrastructure-supported vehicle-to-everything
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(V2X) communication (Bartoletti et al. 2021; Nabil et al. 2018; Chen et al. 2021; Toghi
et al. 2018; Hakeem et al. 2020; Mannoni et al. 2019; Manual n.d.; Jo et al. 2019; Faber
et al. 2020; Milanés and Shladover 2014); however, the need to assess the system's per-
formance and robustness in roadside infrastructure failure or non-recurring disruption
scenarios is a necessity. This is elemental due to the critical role RSUs play in vehicu-
lar communications and overall tra�c management. RSUs serve as �xed communication
points along roadways, providing essential connectivity between vehicles and the broader
transportation network. The failure of RSUs can disrupt these communication pathways,
leading to signi�cant degradation in network performance, increased latency, and higher
packet loss rates. This can result in delayed or missed safety-critical messages, ulti-
mately compromising the safety and reliability of VANETs. Understanding the impact
of RSU failures is crucial for developing robust and resilient VANET architectures that
can maintain performance even in the face of infrastructure disruptions.

Additionally, when RSUs fail, the tra�c management systems lose valuable real-time
information, impairing its ability to manage tra�c �ow and respond to incidents ef-
fectively. This can lead to increased tra�c congestion, longer travel times, and higher
risks of accidents. Researching the impacts of RSU failures enables the development of
contingency plans and alternative communication strategies, such as leveraging vehicle-
to-vehicle (V2V) communications to bypass failed RSUs. Assessing the performance of
VANETs during roadside infrastructure failure can facilitate building blocks for solely
V2V approaches, hereafter known as infrastructure-less VANET systems, which can ben-
e�t tra�c networks that lack infrastructure density. This could also foster the develop-
ment of tra�c networks using hybrid VANET communications, meaning a combination
of both V2I communications and V2V, in either a multi-hop or single-hop fashion.

In addition, another outcome of evaluating the robustness of VANET systems can
also foster the growing need to explore solutions to handle the high computational costs
associated with connected vehicle networks. Communications with data centres heavily
rely on cellular and underlying centralized backbone networks, which are susceptible to
high end-to-end latency and capacity limits (Higuchi et al. 2018a; Ucar et al. 2019b;
Toghi et al. 2018; Farsimadan et al. 2021; Ibrahim et al. 2020). The evolution and
complete adoption of vehicular networks depend on a system being able to handle events
in real time and manage the network itself for various ITS applications. In short, some
of the shortcomings of VANETs can be summarized as follows:

ˆ High Mobility: Due to the high speed of vehicles in VANETs, making decisions
related to routing and security issues based on guessing the node's position is
di�cult.

ˆ Rapidly Changing Network Topology: in VANET vehicles travel continuously at
high speed. Thus the position of the vehicle changes repeatedly leading to recurrent
topology changes. This presents a signi�cant hurdle for researchers to design a
protocol that can successfully handle inconsistent network topology.

2



Master of Applied Science� Jonathan Brandon Sukhu ; McMaster University�
Department of Civil Engineering

ˆ Unbounded Network Size: The range of the VANET is limitless. Thus network
extent in VANET is physically uncontrolled.

ˆ Frequent Exchange of Information: The ad hoc nature of VANET frequent infor-
mation exchange between vehicles and RSUs is desired.

Given the mentioned caveats of VANETs, it can be anticipated that with the growing
computational abilities of intelligent transportation systems, there is a need to explore
other novel architectures for freeway CV operations. A promising approach to meet such
stringent performance requirements is to leverage vehicular micro clouds (VMCs), where
vehicles may o�oad part of the computational tasks to a remote cloud server(s) through
cellular networks or roadside units (Ucar et al. 2019b; Ucar et al. 2023a). VMC acts as a
vehicular data centre, where connected vehicles within the vicinity of one another form
a cluster, called a vehicular cloud region, and collaborate with other cluster members
over V2V networks to o�er data processing, data storage, sensing and communication
services (Krijestorac et al. 2020). Stationary clouds, formed at �xed geographic regions,
rely heavily on centralized cluster-based networks which are susceptible to high latency
and capacity constraints. Stationary clouds reduce the reliance on remote servers and
radio access networks. However, they lack an element of dynamic network topology
and may lead to signi�cant network delay, communication overhead, and potential net-
work disruptions, particularly at higher congestion levels. On the other hand, dynamic
clouds, formed along with vehicle platoons or clusters, enable long-lasting collaboration
to perform cooperative tasks and allow connected vehicles (CVs) to respond pro�ciently
In doing so, data processing for the vehicular clouds could mitigate the load on ra-
dio access networks, generally found in traditional infrastructure-supported approaches
(Higuchi and Altintas 2017; Higuchi et al. 2019a; Higuchi et al. 2020). Given their
large area of applications, it is reasonable to expect that, once fully adopted, vehicular
cloudi�cation will be the next paradigm shift, with a lasting technological and societal
impact.

Whether considering the development of VANETs or VMCs, a crucial element of
the system design to review is the communication protocols required to facilitate com-
munication within the network itself. Within the existing communication protocols,
the Dedicated Short Range Communication (DSRC) standards have been in use the
longest in comparison to the Long Term Evolution (LTE) and 5G communication proto-
cols. The DSRC protocols are tested using the established 802.11p IEEE communication
standards. While DSRC is a mature technology, there is a need to shift towards newer
technologies given the potential applications and use cases of V2X that require a robust
and reliable underlying wireless communications technology. Cellular communications
via cloudi�cation could bene�t from coordination in terms of e�ciency and improved
tra�c management. This could address the demands for a high data rate/longer com-
munication range. With that said, there is debate over the relative advantages and
disadvantages of DSRC versus Cellular-V2X, aiming to answer the fundamental ques-
tion of which technology is most e�ective for enhanced road safety and mobility. Whilst
cellular technologies such as 4G LTE, and even 5G, are fairly newer compared to the
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maturely investigated DSRC, they have shown capabilities to be reliable for advanced
applications. Hence, it is essential to explore the di�erent aspects of these communica-
tion protocols and extensively compare their performances in a variety of scenarios, to
gauge their feasibility in real-world implementations.

1.2 Research Scope and Objectives

In short, this thesis o�ers a comparative analysis of two novel architecture models for
CAVs: (i). vehicular ad-hoc network (VANET) and (ii). vehicular micro cloud (VMC), as
outlined in Figure 1.1. First, speci�c to the VANET systems, we focused on (a) Hybrid
VANET-Cellular Infrastructure-Supported System, (b) VANET-Based Infrastructure-
Less System, where as mentioned, we assessed the performance of both systems whilst
investigating the susceptibility of infrastructure-supported VANET systems to roadside
infrastructure failures and demonstrate the reliability of an infrastructure-less VANET
system. Second, Two distinct vehicular cloud models were developed: (a) stationary and
(b) dynamic platoon-based cloudi�cation systems. In addition to the novel architectures,
we aimed to also address the need to evaluate how the existing communication protocols
in�uence the performance of communication architectures. Recently, a political decision
was made to shift network communications of connected vehicles from the mature-based
DSRC protocols to cellular-based C-V2X communications.

Figure 1.1: Work�ow for Use Cases in Thesis Study.

Speci�cally, given the rapid development and release of cellular-based communication
protocols, there is a need to assess the feasibility of such implementations. This thesis
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focuses on three types of cellular communications, including C-V2X, 4G LTE, and 5G.
Compared to mature vehicular communications such as DSRC, multiple improvements
have been made in recent 3GPP releases to meet the latency and reliability require-
ments of advanced CV applications. Whilst there are even studies beginning to evaluate
6G communications, that is beyond the scope of this work, given the newness of such
protocols which lack comprehensive review.

Both architectures are deployed in combination with incident management and truck
platooning strategies to assess the performance of both communication architectures'
impact on freeway tra�c management. This thesis will aim to evaluate the bene�ts
of all systems in improving driving safety and mobility of CVs using VMCs applied
with freeway management strategies. In addition, a sensitivity analysis of the market
penetration rate (MPR) of CVs is conducted to understand the system performance at
di�erent penetration rates, communication ranges, and platoon sizes.

The objectives of this research are as follows:

ˆ Conduct a comparative analysis of the performance of the VANET systems vs.
vehicular cloudi�cation, referred to as Vehicular Micro Clouds (VMCs);

ˆ Evaluate the VANET and VMC under four vehicular network frameworks; DSRC,
C-V2X, 4G LTE, and 5G communication modes, to quantify the communication
and mobility performance and provide insights into advanced communication pro-
tocols;

ˆ Assess the impact of the infrastructure-less systems and vehicular clouds on freeway
mobility via implementing an incident management system and truck platooning
strategies;

ˆ Compare the performance of vehicular clouds via stationary and platoon-based
dynamic cloud systems.

The scope of the work discussed in this thesis, based on Figure 1.1, can be summarized
by the following:

ˆ Vehicle Communications: This thesis compares DSRC versus cellular-V2X-based
communications (C-V2X, 4G-LTE, 5G). Particularly, the message exchange pro-
tocols and default communication parameters are modelled in the simulated envi-
ronment. This thesis does not focus on areas of the network topology including
security and authentication methods, computational power and e�ciency, network-
ing protocols, segment-level factors (buildings, other network devices, urban grids)

ˆ V2X Communications via VANET: This thesis focuses on communications generi-
cally referred to as V2V for Vehicle to Vehicle communications, and V2I for Vehicle
to Infrastructure communication. The multiple on-board and roadside units ex-
change data via a channel using pre-de�ned message types. The units can also
exchange data with a tra�c management server on a di�erent channel type. De-
pending on range and connectivity, vehicles then form VANETs based on a common

5



Master of Applied Science� Jonathan Brandon Sukhu ; McMaster University�
Department of Civil Engineering

channel. This thesis does not include evaluating various computing strategies for
servers, mobile computing methods, negotiated membership or packet contention
algorithms. The VANET model in this thesis is simpli�ed to focus on individual
vehicle performance on the freeway.

ˆ V2X Communications via VMC: This thesis focuses on vehicular cloud communi-
cations using stationary versus dynamic (moving) VMCs. Similarly to the VANET
models, we implement the conventional architecture associated with such commu-
nication frameworks to then model based on each communication protocol listed.
For both cloud models, we are modelling VMC formation and evaluating the types
of VMCs based on their deployment strategy. The scope does not include modi�ca-
tions to the modelling of computational, data storage, sensor, and communication
resources.

ˆ Tra�c Management Strategies: This thesis deploys two tra�c management strate-
gies, incident management and vehicle platooning, adapted from previous research.
From a mobility and safety perspective, adapting both strategies allows the com-
parative analysis to substantiate a connection between vehicular communications
and the potential impacts on tra�c engineering. The scope does not include devel-
oping or modifying new or existing control strategies for freeway operations, but
rather based on previous and e�ective strategies, to evaluate their performance
based on the implementation of each respective communication architecture and
protocol.

1.3 Structure of the Thesis

This thesis is oriented towards the comparative and qualitative analysis of VANET versus
VMC-based communication architectures, assessing their performance and impact on
freeway tra�c management. The content of the full text is arranged as follows:

1. The �rst chapter is the introduction, which introduces the background of the cur-
rent developments in vehicular communications, speci�c to the architectures them-
selves and protocols associated with them.

2. The second chapter reviews the relevant research literature and analyzes the pur-
pose and signi�cance of the research topic.

3. The third chapter provides a review of the development of VANET and VMC
systems developed in this thesis, as well as a review of the novel and distinct
features associated with both DSRC and cellular-based communications. A review
of both published incident management and vehicle platooning strategies is also
discussed in this section.

4. The fourth chapter provides an overview of the freeway case study for this thesis,
including freeway simulation calibration settings and model input parameters.
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5. The �fth chapter consists of the �rst component of the comparative analysis be-
tween infrastructure-supported versus infrastructure-less VANET systems, partic-
ularly during roadside infrastructure failures.

6. The sixth is the second component of the comparative analysis in this thesis,
particularly focusing on the comparison of the performance between stationary
versus platoon-based cloudi�cation models.

7. The seventh and �nal chapter summarizes and analyzes the full text, concludes
this paper and determines the possible research direction in the future.
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Chapter 2

Literature Review

This section aims to provide a thorough literature review of work related to the follow-
ing: VANET and vehicle cloudi�cation, in addition to a review of the communication
protocols considered in this study, concluding with the tra�c management strategies
deployed for CVs.

2.1 Review of DSRC and Cellular-Based Communication
Protocols

Within the existing communication protocols, the Dedicated Short Range Communica-
tion (DSRC) standards have been in use the longest in comparison to the Long Term
Evolution (LTE) and 5G communication protocols. The DSRC protocols are tested
using the established 802.11p IEEE communication standards. While DSRC is a ma-
ture technology, given the potential applications and use cases of V2X, this may require
a robust and reliable cellular based communications. As identi�ed in (Ibrahim et al.
2020; Naik et al. 2019; Shimizu et al. 2019; Qian and Moayeri 2008; Bey and Tewolde
2019; Vukadinovic et al. 2018), many limitations in DSRC exist to date to reduce the
bandwidth utilization and collision, including:

ˆ Usability of geo-position of vehicles and their impact on broadcasting is not ad-
dressed

ˆ Comparison between IEEE 802.11p and DSRC MAC protocols and their impact
on broadcasting is not analyzed signi�cantly

ˆ Re-transmission of messages increases bandwidth utilization, which is needs to be
addressed

ˆ Latency variance and packet loss rate are higher compared to cellular technologies.

ˆ DSRC relies on an uncoordinated channel access strategy, which does not perform
well in congested scenarios and hence is lacks scalability with high numbers of
vehicles on the road

ˆ Decrease in throughput and increased latency delay especially in case of dense
tra�c
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More recently, the Third Generation Partnership Project (3GPP) has also standard-
ized the new radio-V2X (NR-V2X) in Release 16. The IEEE 802.11p performance results
indicate its limited performance guarantees, especially for time-constrained CV appli-
cations. However, C-V2X can provide better performances than 802.11p in terms of
coverage range, latency, and throughput (Shimizu et al. 2019; Mir et al. 2020; Tahir and
Katz 2022). Even though C-V2X is a prominent technology to cope with the issues in
vehicular networks, solutions based on this technology must deal with resource alloca-
tion. Furthermore, 3GPP has been expanding support for emerging use cases beyond
vehicle-to-vehicle and network communications, such as automated driving. The antici-
pated 5G NR (New Radio) technology is expected to provide ultra-reliable low-latency
communication (URLLC) and high data rates to meet the requirements of autonomous
driving and vehicle platooning (Tahir and Katz 2022; Zhu et al. 2020a; Kutila et al.
2019; Ucar et al. 2016). While C-V2X is relatively new, in terms of market penetra-
tion, major improvements have been made in its physical communication layers to meet
the requirements for low latency and high reliability via modi�cations in the sub-frame
structure (Toghi et al. 2018; Hakeem et al. 2020). In addition, studies highlighted that
the performance of DSRC and LTE-V2X is signi�cantly degraded when vehicles trans-
mit more packets per second (pps) thus the channel load increases and packet collisions
emerge as the most signi�cant source of error (Mannoni et al. 2019; Manual n.d.). For
5G communications, 3GPP has been proposed for 5G phase I in Rel-15 and phase II
in Rel-16, which was announced at the end of 2019 (Kang et al. 2018), though newer
releases have been delayed due to the COVID-19 pandemic. While cellular networks
have gained a lot of interest recently, there exist potential challenges that need to be
addressed before full-scale deployments occur. According to (Zhu et al. 2020a; Tahir and
Katz 2022; Brik et al. 2015; Singh et al. 2021; Bagheri et al. 2021; Hegde et al. 2019;
Elbery et al. 2021; Hussain et al. 2019), limitations can be summarized from as follows:

ˆ De-centralized nature LTE 4G, 5G NR (designed to support a high-speed mobility
environment) can limit its ability to support low-latency V2V communications in
the absence of cellular towers

ˆ Compared to DSRC, LTE is relatively complex, in terms of negotiated membership
and coordinated channel access strategy protocols, which could contribute to the
delay observed at high-tra�c density

ˆ In advanced CAV applications like platooning, Intra-platoon interference can be
responsible for latency delay greater than 50ms

ˆ Some requirements (e.g., high data throughput against ultra-reliability) may be
contradictory; hence, it may be di�cult to support them simultaneously

From the communication performance perspective, DSRC, 4G LTE, and 5G exhibit
di�erent characteristics that make them suitable for various vehicular applications. Fig-
ure 2.1 provides a holistic comparison on their performance in terms of latency, data
rates, reliability, and coverage.
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Figure 2.1: Description of DSRC versus Cellular Communications (4G
LTE, 5G).

2.2 Infrastructure-Supported (V2I) VANET Communica-
tion Review

Vehicular communication holds great promise for reducing tra�c congestion and advanc-
ing highway automation. This is primarily due to its potential to signi�cantly increase
highway capacities, especially when implemented at high market penetration rates. To
assess the performance of vehicle communications, both infrastructure-supported and
infrastructure-less approaches, and simulation environments have commonly been uti-
lized as testing platforms. However, there have been a few exceptions where empirical
experimental testbeds have been employed for evaluation purposes.

Recent �ndings indicate that C-V2X has emerged as the preferred choice for com-
munication structure over DSRC, particularly in high-speed or highly dense vehicular
environments, where DSRC performance diminishes (Bey and Tewolde 2019; Chen et
al. 2021; Toghi et al. 2018). While DSRC is a more mature than C-V2X, comparisons
between the two technologies are limited to speci�c scenario types. 4G-LTE and 5G
technologies can e�cacy operate at extended ranges (Ucar et al. 2016). The anticipated
5G C-V2X is expected to provide ultra-reliable low-latency communication (URLLC)
and high data rates to meet the requirements of autonomous driving (Molina-Masegosa
and Gozalvez 2017(b)). This suggests that as C-V2X continues to evolve, it holds the
potential to signi�cantly enhance communication capabilities in autonomous driving ap-
plications.

The overall latency of communication systems is highly dependent on the vehicles
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density and communication range. Therefore, it is also crucial to ensure the required
latency and reliability levels to guarantee CAV operations' e�ciency. In previous studies,
various CAV applications were developed to improve road capacities under di�erent
communication settings, including incident management and platooning (Dowling et al.
2016; al. 2021; Zhu et al. 2020b; Hao Yang 2022; Dai et al. 2022; Milanes and Shladover
2014; Gokasar et al. 2023). VANETS have been progressively applied to incident warning
or management scenarios to alleviate congestion by alerting CVs about accidents and
dangerous road conditions. In (al. 2021), comparisons between C-V2X and DSRC show
that C-V2X in both Modes 3 and 4 allows for shorter inter-truck distances for a truck
platooning system in low and high congestion levels, where a similar conclusion was
tested solely for LTE-V2X (Zhu et al. 2020b) and DSRC (Lee et al. 2021). In (Dowling
et al. 2016), testing under the same scenarios was done to support speed harmonization
in a freeway network. While freeway incident management systems exist in federal
agencies using technologies such as traveller information and ITS deployments, they
have yet to explore a CAV-based alternative. However, recent literature has presented
simulation-based solutions to reduce tra�c density throughout the network, speci�cally
downstream of the incident (Gokasar et al. 2023).

RSU failure may imply unavailability (or partial availability) of the infrastructure
services in an area of supposed coverage, degradation of the system in the case of low-
density scenarios, or congestion due to high node density. Thus, to ensure a functional
system, RSUs must be monitored and their failures detected and reported promptly.
Thus, there is a need to review other communication strategies or systems, that can
minimize failures or are completely not susceptible to infrastructure failures Sukhu et
al. 2023. In addition to roadside unit failures, the high unit cost of RSUs presents a
challenge for deployment, making it unfeasible to achieve a fully connected state in the
VANET at all times. The other alternative, as explored in this paper, is to explore
VANET systems that do not rely on the roadside infrastructures, but rather the nearby
connected vehicles themselves within the cellular network. Challenges in infrastructure-
supported approaches can summarized as follows:

ˆ Lack of task management dynamicity during non-recurring communication or traf-
�c events/closures.

ˆ Without complete RSU coverage, the delivery of early warnings could be a di�cult
task.

ˆ Real-time detection when an RSU experiences transmission failures, in addition to
rapid response to infrastructure failures in the VANET system

ˆ Infrastructure failures can potentially result in double the latency or packet loss,
particularly in dense tra�c scenarios.

This also highlights potential caveats in infrastructure failures, for example, RSU
failures, and diminishing performance, as a result. Previous works quantify the increases
in packet loss and latency delay as a result, however, we only see the delays quanti�ed
from a communications standpoint, typically in smaller-scale simulations (Raut and
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Devane 2020). There is a need to quantify the e�ects of RSU failures from a mobility
and safety standpoint whilst expanding the evaluation of the major urban networks, like
freeways. Previous works that consider roadside infrastructure failure are summarized
in Table 2.1. In the context of freeways, and the high mobility of vehicles in VANETs;
vehicles can suddenly exit or enter the network, thus communication links among vehicles
may su�er from signal degradation due to changes in vehicle densities (Liu et al. 2019).

Table 2.1: Summary of Existing Related Infrastructure Failure Studies

Study Focus & Application
Raut et al. (2020) RSU failure conditions against the normal VANET comparing multiple routing protocols
Benzagouta et al. (2023) Road-Side Unit Failure (Anomaly) Detection using C-ITS
Gao et al. (2020) VANET routing decision scheme using V2V and V2I modes for data transmission
Liang et al. (2024) Optimizing roadside unit deployment in VANETs using fuzzy programming theory
Tandon et al. (2021) Secure framework for vehicle-to-vehicle communication based on LIAU
Tomar et al. (2019) Comparing broadcasting algorithms of VANET for V2V deployments
Ullah et al. (2018) Congestion avoidance for emergency scenarios using VANET
Yasser et al. (2017) Infrastructure-less (V2V) implementation for various VANET routing protocols

2.3 Infrastructure-less (V2V) VANET Communication Re-
view

While most previous studies focused on infrastructure-based communication, recent re-
search directions have shifted towards evaluating network performance in infrastructure-
less architectures through VANETs. Similarly, LTE-V2X o�ers extensive support for ser-
vices that require infrastructure assistance and network coverage and prominently being
able to perform similarly to DSRC under low tra�c densities. However, mechanisms
for enhancing LTE performance in an infrastructure-less system, such as LTE Mode 4
(Molina-Masegosa and Gozalvez 2017(a); Molina-Masegosa and Gozalvez 2017(b)), have
not been explored adequately. Most studies have been able to conclude that ine�ciencies
when transmitting aperiodic messages of variable size are one of LTE's biggest challenges
(Sehla et al. 2022). This is crucial in one-hop or multi-hop clusters, as cluster joining
is direct to the cluster heads. Thus, VANETs can be subject to increased delay and
connection time as a result.

Recent LTE-V2X studies have conducted simulation analysis which involves LTE or
C-V2X infrastructure-less schemes, especially in urban grids (Eckermann et al. 2019;
Karoui et al. 2020; Petrov et al. 2021), due to the smaller-scale network simulation;
however, further studies are progressing toward freeway applications (Bartoletti et al.
2021; Nabil et al. 2018). While C-V2X is relatively new in terms of market penetra-
tion, major improvements have been made in its' physical communication layers to meet
the requirements for low latency and high reliability via modi�cations in the sub-frame
structure (Nabil et al. 2018; Chen et al. 2021; Toghi et al. 2018; Mannoni et al. 2019).
For 5G communications, 3GPP has been proposed for 5G phase I in Rel-15 and phase
II in Rel-16, which was announced by the end of 2019 (Kang et al. 2018). Consequently,
the scope and application of 5G networks in V2X are currently limited beyond �eld
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tests and simpli�ed grid-based simulation studies. This limitation arises from the fact
that the protocols for 5G are still under review (Hakeem et al. 2020; Mannoni et al.
2019). Limitations for both 4G-LTE and 5G include a pure LTE-based architecture
is not feasible for vehicular communication due to the high cost of communication be-
tween the vehicles and the base stations (Ucar et al. 2016). Besides, many studies, as
in (Alalewi et al. 2021), have highlighted the feasible use cases for 5G, including pla-
tooning, fully autonomous networks, and advanced ITS sensors for enhanced vehicle
awareness. Nonetheless, initial comparative analyses between 5G and C-V2X provide
promising usage for 5G in transportation networks, where in stochastic performances
of both communication systems, 5G has been able to outperform C-V2X and DSRC at
higher vehicle densities (Mannoni et al. 2019). However, with a new paradigm of 6G
communications, that is fully supported by arti�cial intelligence, and expected to pro-
vide less than 1 ms latency. Increasing wireless connectivity and mobile data is expected
once standards for autonomous systems are de�ned in the future.

2.4 Vehicle Cloudi�cation Communication Review

With the demands of communications and computational power ever-growing in this era
of big data, vehicle cloudi�cation has emerged as a paradigm for utilizing ever-growing
computational resources. Previous works have emphasized the need to develop �exible,
hierarchical, and scalable architectures to meet the requirements of newer communica-
tion technologies, such as C-V2X and 5G, speci�cally their ultra-reliable low-latency
communications (URLLC). Vehicle Cloudi�cation, in short, can be de�ned as a concept
that inter-connects on-board units of connected vehicles (CVs) over vehicular networks,
so that they can collaboratively o�er computational and data communication services to
other vehicles and devices, including RSUs and TMC databases, for example. VANETs
and Vehicular Micro Clouds (VMCs) di�er signi�cantly in their structure, functionality,
and communication strategies. Figure 2.2 delineates a comparison from the communi-
cation architecture perspective.

Vehicle micro clouds also open potential gateways to design mobile intelligent roadway
technologies in vehicles or mobile cloud networks. To assess vehicle communication
architectures and protocols, vehicular cloud approaches using simulation environments
have been utilized as testing platforms, with some studies extending to the freeway and
urban scenarios as summarized in Table 2.2.

Beyond this, vehicular micro clouds can be divided into two categories based on
their mobility, stationary and mobile clouds.The dynamic vehicular clouds are formed
when vehicles need long-lasting collaboration to perform as-needed computational tasks
(Ucar et al. 2021; Ucar et al. 2019b). While the feasibility of vehicular clouds has been
a prevalent research question, recent works have provided insight into the potential of
implementation in urban and freeway grids, summarized in Table 2.2. A major limitation
is the computational management of a large number of connected vehicles on the road.
In addition, the cloud size, speci�cally the optimal cloud range, of the vehicular clouds,
depends on the distance, over which cloud members can reliably communicate with the
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Figure 2.2: Description of VANET versus VMC Architectures Struc-
ture.

leader over communication networks (Higuchi et al. 2018a; Higuchi and Altintas 2017;
Ucar et al. 2023b). From a mobility standpoint, the conditions of the network must be
considered, speci�cally the tra�c volume and network layout gaouar2021toward . On
the other hand, vehicle velocity, and fast mobility of vehicles reduce the ability to form
stationary micro clouds under the o�-peak tra�c (Higuchi and Altintas 2017; Higuchi
et al. 2018a).

Research �ndings in (Ucar et al. 2019b; Quadri et al. 2020; Krijestorac et al. 2020)
indicate stationary vehicular clouds may su�er from low service discovery rate and high
delay due to the dynamicity of vehicles. While stationary-based models can be service-
able in urban environments, with lower cloud ranges, for instance, freeway scenarios
require higher cloud ranges. Thus they could be susceptible to interference, especially in
environments with high vehicle velocity (Ucar et al. 2019b; Ucar et al. 2019a). However,
potential solutions are outlined in (Higuchi et al. 2019b; Krijestorac et al. 2020), also
compared horizontal versus vertical o�oading approaches, that is connected vehicles may
o�oad part of the computational tasks to remote cloud/edge server(s) by way of cellular
networks or roadside units (i.e., vertical o�oading) or to nearby vehicles with available
resources (i.e., horizontal o�oading). Platoon-based dynamic vehicular clouds, on the
other hand, could improve e�ciency in terms of service discovery, resource allocation
and cloud selection (Ucar et al. 2019b; Higuchi et al. 2018b). According to (Ucar et al.
2021; Ucar et al. 2019b; Higuchi et al. 2018a), the packet loss and latency increase as
the vehicle velocity increases, at a nearly linear relationship, since higher vehicle velocity
results in increased complexity of the network topology and communication overhead.
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Table 2.2: Summary of Existing Related Vehicle Cloudi�cation Studies

Simulation
Study Focus & Application

Higuchi et al. (2017) Macro and Micro Cloud Feasibility in freeway/urban road conditions
Higuchi et al. (2018) Lifetime and Density-Based Cloud Formation

Ucar et al. (2019) Cloud directory via vehicle platoons as mobile vehicular clouds
da Silva Barbosa et al. (2020) Scalable software-de�ned networking for low latency

Quadri et al. (2020) Platoon-based V2V approaches using MEC facilities
Wang et al. (2021) Intra-Platoon Delay via V2V hop-by-hop analysis

Higuchi et al. (2019) Virtual edge cloud server consisting of multiple vehicles
Ucar et al. (2021) Proposal of chain of interdependent vehicular micro clouds

Krijestorac et al. (2020) Hybrid horizontal and vertical o�oading computational tasks via the cloud
Higuchi et al. (2019) Prediction of the short-term parking spot occupancy using stationary clouds

Ucar et al. (2019) Lane change advisory by Vehicular Micro Clouds
Ucar et al. (2023) Overlapping vehicular micro louds for improved cloud management
Ucar et al. (2023) Safety Performance for VMCs at via remote collaboration

In addition, the cloud size is a signi�cant variable to consider, where studies suggest
optimal cloud ranges of 400m to 500m, but availability depends on tra�c conditions
(Ucar et al. 2021; Ucar et al. 2019b; Ucar et al. 2023b). Stationary vehicular clouds
are prone to challenges in high-velocity environments, given their cluster-based nature,
while platoon-based dynamic clouds improve service discovery and e�ciency (Higuchi
et al. 2018a; Ucar et al. 2019b; Ucar et al. 2021; Ucar et al. 2023a), using dynamic vehi-
cle maneuver management and handling high vehicle mobility. Without both features,
stationary clouds can be susceptible to the volatility of task distribution and message
dissemination (Ucar et al. 2019b; Ucar et al. 2023b).

Whilst VMCs, in general, present a promising solution to improve message dissemina-
tion and service directory in vehicular networks, platooning presents a unique alternative
in terms of stability. According to (Ucar et al. 2019b; Higuchi et al. 2018a; Amoozadeh
et al. 2015) the list of bene�ts from platoon-based dynamic clouds can be summarized
as follows:

ˆ Vehicle behaviors could be more stable and predictable in vehicle maneuvers, whilst
distributing network data.

ˆ Can facilitate more e�cient information dissemination and sharing among vehicles
in the same platoon.

ˆ May eliminate the potential for major communication overloads reducing latency
and packet loss.

Prior works have established the feasibility of VMCs through simulation-based works,
though we see the majority of works focus on micro-scale models (i.e., urban grids), whilst
integrating CV applications including CACC platooning (Ucar et al. 2019b; Amoozadeh
et al. 2015; Quadri et al. 2020), lane change advisory (Ucar et al. 2019a; Ucar et al.
2021), intersection management (Higuchi et al. 2018a; Ucar et al. 2023b; Higuchi et al.
2018b), generally in a stationary architecture. The work in (Ucar et al. 2019b) provides
avenues for future examinations, including short-term prediction of vehicle mobility to
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�nd the most suitable platoon, whilst considering e�cient management of data packets
in vehicular clouds. With a platoon size too high, the safety of the platoon can be
compromised, as well as the oscillations in the platoon speed and acceleration. In com-
bination with the potentially crowded cloud network, meaning an overload of network
nodes, the probability of increased packet loss and latency is highly likely. Whilst 5-15
vehicles is a generally acceptable platoon size, more recent work also explores the per-
formance of platoon sizes up to 20 (Quadri et al. 2020; Razzaghpour et al. 2021; Wang
et al. 2021).

Vehicular clouds, whilst being an emerging paradigm, present new and uprising chal-
lenges. As per (Silva Barbosa et al. 2020; Krijestorac et al. 2020; Mekki et al. 2017; Ucar
et al. 2021; Ucar et al. 2023a; Ucar et al. 2023b), these can summarized as the following

ˆ Cloud stability: Control policies are crucial to maintain up-to-date knowledge of
the cloud members and to avoid unpredictable resource �uctuation.

ˆ Data dissemination: Feasible routing protocols are necessary to overcome potential
frequent link interruptions and mobility of vehicles.

ˆ Resource allocation: Whilst having multiple communication channels for cloud
regions could increase the throughput and alleviate interference, consequently, the
transmission delay may be reduced.

Compared to what has been observed in work related to packet loss and latency in
infrastructure-supported ad-hoc vehicular networks, similar conclusions can be made in
cloud-based models. Similar to works in (Sukhu et al. 2023; Molina-Masegosa and Goza-
lvez 2017; Ucar et al. 2023b; Ucar et al. 2019b; Higuchi et al. 2017b; Ucar et al. 2021),
the packet loss and latency increase as the vehicle velocity increases since higher vehi-
cle velocity results in increased complexity of the network topology and communication
overhead. However, trade-o�s should be noted, and explored in this work, for example
in (Higuchi et al. 2017b; Higuchi et al. 2018a), increasing the maximum number of hops
(i.e., multi-hop communications: 1, 2, or 3-hop) decreases the PLR at the cost of an
increase in latency delay.

2.5 Review of Tra�c Management Strategies for CAV De-
ployments

The overall latency of communication systems is highly dependent on the vehicle's den-
sity and communication range. Therefore, it is crucial to ensure the required latency
and reliability levels to guarantee CAV operations' e�ciency. In previous studies, various
CAV applications were developed to improve road capacities under di�erent communi-
cation settings, including incident management and platooning (Dowling et al. 2016; al.
2021; Zhu et al. 2020b; Hao Yang 2022; Dai et al. 2022; Milanes and Shladover 2014;
Gokasar et al. 2023). VANETS have been progressively applied to incident warning
or management scenarios to alleviate congestion by alerting CVs about accidents and
dangerous road conditions. In (al. 2021), comparisons between C-V2X and DSRC show
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that C-V2X in both systems could allow for shorter inter-truck distances for a truck
platooning system in low and high congestion levels, where a similar conclusion was
tested solely for LTE-V2X (Zhu et al. 2020b) and DSRC (Lee et al. 2021). In (Dowling
et al. 2016), testing under the same scenarios was done to support speed harmonization
in a freeway network. Concerning freeway incident management systems, recent liter-
ature has presented simulation-based solutions to reduce tra�c density throughout the
network, speci�cally downstream of the incident (Gokasar et al. 2023). The increased
market penetration of connected vehicles in union with an incident management strategy
can provide net bene�cial impact incident impact reduction and highway availability.

In addition, vehicle platooning (i.e., truck-only versus mixed vehicle platoons) is
another promising CAV application, recognized for its signi�cant mobility and envi-
ronmental impacts, such as increasing road capacity and safety and reducing energy
consumption. Formulating strategies for the management of vehicle platoons to alle-
viate congestion is a pivotal objective. Despite the progress made in comprehending
tra�c �ow theory and its attributes, the intricacies of congestion and e�cient network
information dissemination, particularly within large intercity networks, continue to pose
signi�cant challenges. Platooning strategies have been previously implemented in a mul-
titude of intelligent applications, and the metric of performance has generally been with
respect to network mobility and safety. Given that the movement of a platoon is more
stable and predictable in time and space on the road due to platoon management, this
correlates to reduced latency and packet loss. This work provides potential for future
examinations, including short-term prediction of vehicle mobility to �nd the most suit-
able platoon, whilst considering e�cient management of data packets in vehicular micro
clouds. Other considerations can include the complexity of computing power, especially
in cloud-based models or software-de�ned vehicular networking. The increasing com-
plexity involved in managing communications has led it to make use of cloud-related
technologies such as multi-edge computing (MEC), and fog computing (Silva Barbosa
et al. 2020), (Qureshi et al. 2018). MCC and MEC provide two immediate advantages by
reducing both latency and data tra�c in the backhaul. Moreover, data can be processed
with a high level of localization, even in mobility scenarios (Silva Barbosa et al. 2020).

2.6 Research Gaps and Research Contributions

Prior works have established the feasibility of VANETs and VMCs through simulation-
based works, though the majority of works focus on micro-scale models (i.e., urban
grids), lacking consideration for large scale and dense tra�c networks. Whilst there is
integration of CV applications including CACC platooning, lane change advisory, and
intersection management, generally only in a stationary architecture. Though, given the
growing needs for computational power and processing in combination with increasing
CV market penetration, solely relying on stationary architecture will not be feasible.
The research gaps can be summarized as follows:

ˆ Considerations for infrastructure failure and the compounding e�ects on commu-
nication and freeway operational performance in VANET systems
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ˆ Comparison of either VANET and VMCs against each other as well as evaluating
across short range and cellular-based communications protocols

ˆ In the context of VMCs, there are limited works which evaluate the performance
of such cloud systems for tra�c management

ˆ Previous studies have explored VANETs and their limitations, including high com-
munication overhead and network disruptions. The proposed solution of vehicular
micro clouds (VMCs) addresses these issues by reducing communication latency
and overhead

In this study, the focus and aim is to address the feasibility of vehicular cloud models
on an urban freeway, using realistic tra�c data, comparing DSRC, C-V2X, 4G LTE
and 5G communication protocols. In doing so, this thesis will aim to emphasize the
advantages of newer cellular network protocols to address the potential challenges asso-
ciated with vehicular clouds and/or VANET communication systems. This thesis also
compares the performance of freeway incident management in stationary vs. dynamic
platoon-based VMCs. In short, the novel contributions of this work are as follows:

ˆ Provide insights into VANET versus VMC functionality in short-range versus
cellular-based communications after evaluation of tra�c control strategies

ˆ Highlighting the impact of both communication architectures impact on freeway
mobility and safety through incident management and vehicle platooning.

ˆ Additionally, this thesis evaluates both models across four communication proto-
cols�DSRC, C-V2X, 4G LTE, and 5G�to quantify communication performance
and enhance understanding of functionality in di�erent communication environ-
ments.

ˆ The use of the AIMSUN microscopic tra�c simulator is notable as it provides
a detailed analysis and realistic modeling, in combination with real-world tra�c
data, compared to conventional simulated probablistic based tra�c conditions.
This aspect is critical for validating the proposed systems and their e�ectiveness
in real-world scenarios
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Chapter 3

Methodology

This methodology section provides a review of the novel and distinct features associated
with both DSRC and cellular-based communications. Then, the development of VANET
and VMC systems developed in this thesis. Finally, a review of both published incident
management and vehicle platooning strategies are also discussed in this section.

3.1 Communication Protocols

3.1.1 Dedicated Short Range Communication (DSRC)

The DSRC, that follows the IEEE 802.11p, utilizes a contention-based protocol that
bene�ts from a �xed contention window, stochastic probability, to avoid potential high
latency. Notable features include: (i) working in a fully distributed way and does not
require a central controller, (ii) achieves low message latency through direct ad-hoc com-
munication among neighboring vehicles, and (iii) the overhead is reduced to a minimum
compared to IEEE 802.11a, via a �xed contention window to limit the data transmis-
sion latency with the cost of network low scalability. The operation of DSRC message
transmission in the model is outlined as follows:

1. For stationary VMCs, the number of Hops or Order of Multi-Hops between CMs
and CH is not coordinated, rather the process of selecting a transmission route to
the CH is by random order of CMs, summarized in Figure 3.1.

2. Message dissemination between Cloud Server CH perRc is delivered in a ran-
domized order, thus network information may be not delivered using a timely or
coordinated mechanism. This process remains the same for dynamic platoon-based
VMCs, though the complexity increases given the mobile and dynamic nature.

3. Given improvements in cloud region stability using platoon manoeuvrability, it
allows the cloud server to extract info per CH of each dynamic platoon cloud in
a stable nature, though it may be susceptible to packet loss and error at high CV
density.
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3.1.2 Cellular C-V2X

Cellular V2X in this model utilizes sidelink under hybrid 4G, and 5G networks (Mir et
al. 2020; Kutila et al. 2019). This mode considers LTE-Uu interface, which handles all
the signaling messages between the eNodeB (base station) and the radio access network,
to exploit the existing LTE infrastructure to exchange data among the vehicles. PC5
interface enables the vehicles to communicate using a sidelink.

CVs autonomously select their radio resources using the semi-persistent scheduling
(SPS) algorithm. SPS is based on a pre-con�gured resource selection de�ned in AIM-
SUN before choosing a resource from a list of pre-de�ned geographic candidate regions.
Thus, when a vehicle reserves one resource, it is used to transmit a random number of
consecutive messages. This random number, referred to re-selection counter, depends
on the periodicity of the CAM messages (�xed at 10 Hz in our model) The CV can
know which resources are free and which ones are occupied by other vehicles. Resource
availability is determined using a distance-based spatially resource-use approach, where
a geographical area can be divided into several geo-zones. The work�ow comparison
between C-V2X, 4G LTE, and 5G are outlined in Figure 3.1.

In addition, C-V2X does not utilize synchronization between cellular stations for
accurate timing and frequency reference to coordinate message exchange for all cloud
regions. Without base station or roadside unit synchronization, this could result in major
communication delays if the side link and uplink transmission are not synchronized due to
the timing o�set. Hence, the C-V2X protocol implemented in this work can be labelled as
semi-coordinated, as there are improvements compared to DSRC. However, limitations
of C-V2X exist given that there is no consideration for coordination or synchronization
between CMs and CHs, and �xed resource availability perRc, which are addressed in
cellular 4G LTE, 5G New Radio.

3.1.3 LTE 4G

LTE-V2X, labelled as LTE 4G, considers the Uu interface to exploit the existing LTE in-
frastructure to exchange data among the vehicles. PC5 interface enables the vehicles to
communicate using a sidelink, such that radios can manage the resources independently
(de-centralized) (Shimizu et al. 2019). Notable features include coordinated clustering,
and enter-exit protocols for cluster regions as a function of CVs within the range of cloud
region, not accounted for in the protocol design DSRC. This addresses the demands for
high data transmission speeds, longer communication range and low latency delay. The
enhancements include a packet resolution protocol and coordinating message transmis-
sion protocol for higher system capacity, an improved physical layer for high mobility
support (Higuchi et al. 2018b; Tahir and Katz 2022; Zhu et al. 2020a).

The operation of both VANET and VMC under 4G LTE, and similarly for 5G NR
protocols, is summarized as follows:
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1. The packet resolution mechanism in cellular technologies uses a coordinated mes-
sage transmission protocol for higher system capacity. Multi-hops between CMs
and CH is a function of the range ofCM 1� n to the CH of respective Rc.

2. The synchronization protocol introduces exchanges of synchronization signals amongst
CAV users in the side link. Other CAVs detect these synchronization signals and
adjust their time di�erence using weighted mean timing.

3. Cellular-V2X, LTE-4G, 5G also improve upon DSRC by adding a geo-zoning pro-
tocol. In this mechanism, message distribution between CH of eachRc and the
Cloud Server is a function of geographic location based on the direction of moving
tra�c (i.e., message dissemination based on pre-de�ned locations, and the server
collects data in such order).

Note that, the mentioned pre-de�ned geo-zones are modelled as in 2 km x 2km
regions, centred at each interchange in the freeway network. Given each interchange
is 2 km apart, this assumption is sensible. This geo-zoning protocol can be altered to
coordinate channel access or message transmission based on resource availability. This
model de�nes this as the number of available members that can join a cluster or cloud
region.

Figure 3.1: Work�ow for Message Dissemination between for (a) C-
V2X, and (b) LTE-4G, 5G

3.1.4 5G

Speci�ed in Release 16 of 3rd Generation Partnership, 5G NR Physical layer design
deals with complex V2X channel conditions. Whilst the functionality remains similar
to LTE 4G in terms of message transmission, there are key di�erences to highlight.
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This includes dynamic mobility for low-speed and high-speed CVs. The design for high-
mobility communication requires more time-frequency resources to deal with the delays
that may be caused by cloud region overlapping or overhead. The basic functionalities
of 5G NR sidelink (SL) are the same as those presented above in LTE 4G. However, 5G
NR introduces major enhancements in comparison to 4G LTE in functionality that could
enhance autonomous driving, as per (Tahir and Katz 2022; Brik et al. 2015; Elbery et al.
2021; Hegde et al. 2019) including:

ˆ Pre-con�gured SL Resources: A subset of the available SL resources is pre-con�gured
to be used by several CHs or RSUs for their message transmissions. This is be
pre-con�gured based on observed node density.

ˆ Improved Coordinated Channel access: where CMs in clusters can increase trans-
mission rate to the nearest CH, to support higher mobility.

ˆ UEs for Synchronization: The RSU or CH can also transmit synchronization sig-
nals in the sideline, contrary to C-V2X and LTE 4G, where the signal can only be
obtained from the Cloud Server. Using this method, the UE serves as a synchro-
nization reference

3.2 Vehicular Ad-hoc Architecture

In this thesis, a V2X framework is developed to simulate the transmission medium and
communication modules for highway operation. The communication framework com-
prises �ve major components: tra�c management center (TMC), vehicle onboard units
(OBUs), roadside units (RSUs), communication channels, and CAV Message Types.
The study models periodic messages with a constant size of 300 Bytes. The message
generation rate in AIMSUN was modi�ed to 10 Hz. The terminology used in this thesis
regarding both VANET systems can be summarized as follows:

ˆ Cluster RegionRc: On-demand VANET regions formed at pre-de�ned, distributed
locations in the freeway network

ˆ Cluster Head (CuH): Leader of the respective VANET cluster, and point of contact
between the roadside units and the cluster members

ˆ Cluster Member (CuM): Members of the respective VANET cluster, transmitting
messages to CH

ˆ Non-Cloud Member: CV in the network, not a part of any VANET cluster

3.2.1 Infrastructure-Supported VANET Systems

Figure 3.2 provides a visual representation of the information �ow for the infrastructure-
less system, where using the same simpli�ed model, V2V communications are enabled
by eliminating the infrastructure. Generally, an infrastructure-supported system can
provide the most e�cient communication concerning latency and PLR. However, system
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Figure 3.2: Schematic Diagram for the Proposed System. (a)
Infrastructure-Supported VANET-Cellular System, (b) VANET-Based
Infrastructure-Less Emergency System.

overload and infrastructure failure could fail the central system and delays in processing
and analyzing the received information. One of the objectives of this thesis aims to
evaluate the impact of potential failure in the communication network whilst leveraging
the concept of infrastructure-less systems.

To assess the impact of infrastructure failure, the infrastructure-supported system
focuses on message communication using highway infrastructure, including TMC and
RSUs, and also VMS (Variable Message Signs) for non-CAVs. When the infrastructure
fails, the hybrid VANET cellular system loses communication with the infrastructure,
forcing CAVs to exchange information at a delayed rate due to a lack of network infor-
mation after the failure. CAVs can only have updated roadway information based on
surrounding vehicles and are also unaware of upstream conditions upon the network fail-
ure, another main factor that contributes to the delayed message dissemination. On the
other hand, the infrastructure-less system does not use message exchange between down-
stream and upstream vehicles within the same cellular network. Instead, it relies on the
range of the cellular network (i.e., DSRC, C-V2X, LTE-4G, or 5G) for communication
among CAVs.

Figure 3.3 illustrates the message exchange process in an infrastructure-supported
environment, where the Tra�c Management Center (TMC) assumes the role of a server
for disseminating messages. This model assumes the presence of multi-hop vehicular
communication capability, with a single designated vehicle, referred to as the cluster
head (CuH), responsible for transmitting information to the Roadside Unit (RSU). It
should be noted that the architecture depicted in Figure 3.2(a) for the infrastructure-
supported scenario follows a hybrid design, similar to the approach described in (Ucar
et al. 2016), enabling observation of failure impacts.

The work�ow between the components can be summarized as follows:

1. Vehicles exchange data between themselves and an RSU in a local region using de-
�ned messages (i.e. CAM, DENM) using communications channels shared between
the vehicle's OBU and the RSU.
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2. The RSUs perform local processing and issue both standardized messages on the
same CV-oriented communication channels to aggregate messages to the TMC on
other channels dedicated to management communications.

3. The TMC evaluates the information from multiple RSUs within the region. The
protocols are relayed back to the CVs in the tra�c network via the RSUs.

4. The TMC takes the V2X data from other vehicles and from the RSUs and adds
this to the vehicle's existing knowledge of the tra�c network taken from other
connected vehicles in its vicinity, which can in�uence the vehicle's behaviour.

This study applies a simpli�ed approach to real-world communications in AIMSUN.
In this study, the packet losses in a radio broadcast are modelled using a stochastic prob-
ability rather than by evaluating contention between packets (Manual n.d.). Besides,
a constant 300-byte message size for Cooperative Awareness Message (CAM) and De-
centralized Environmental Noti�cation Message (DEMN) in V2V is deemed acceptable,
given IEEE protocols. Also, the process of joining and leaving a VANET is simpli�ed
by assuming it is simply a function of range rather than being established through a
negotiated membership protocol (Abdulsattar et al. 2018; Manual n.d.).

Figure 3.3 illustrates the communication structure and data exchange in the V2X
framework, speci�cally for the infrastructure-supported system. The technology uses
radio frequencies in a range of 5.9 GHz bands in DSRC.

Figure 3.3: Flowchart for V2X Communication Structures, for DSRC,
C-V2X, LTE-4G, 5G.
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In this environment, the Tra�c Management Center (TMC) functions as a server
for message dissemination and plays a central role in distributing messages to the CVs.
This is in combination with the assumption of the system having multi-hop vehicular
communication capability, and only one vehicle, known as the cluster head (CuH), will
communicate information to the RSU. The CH is determined based on the selection
function of the vehicle destination, and the CH can then disseminate information to the
cluster members (CuM) based on the pre-de�ned messages. In this hybrid architecture,
CuMs communicate with CuHs, and the CuHs communicate with the RSU using the
cellular network. The goal is to minimize the number of CHus communicating with the
cellular network, which, in a realistic scenario, reduces the utility cost of the RSU and
the transmission frequency between vehicles and infrastructure.

Generally, an infrastructure-supported system can provide the most e�cient commu-
nication with respect to latency and PLR. However, system overload, in combination
with stochastic natures, could fail roadside infrastructure and delays in processing and
analyzing the received information. This study aims to evaluate the impact of potential
failure in the communication network whilst leveraging the concept of infrastructure-less
systems. When the infrastructure fails, the hybrid VANET cellular system loses com-
munication with the infrastructure, forcing CAVs to exchange information at a delayed
rate due to a lack of network information after the failure. CAVs can only have updated
roadway information based on surrounding vehicles and are also unaware of upstream
conditions upon the network failure, another main factor that contributes to the delayed
message dissemination.

3.2.2 Infrastructure-less VANET Systems

To model the infrastructure-less system, communication remains from vehicle to vehicle,
with cellular network access maintained. Cluster-based VANETs, in the form of V2V
communications, are utilized as a reliable framework to exchange messages between
vehicles inside the network. The crucial message types needed between CVs are lane
changes, speed reductions, and target lanes, given that the infrastructure-less system
uses a decentralized scheme.

This model utilizes multi-hop vehicular communication capability, and only one ve-
hicle, known as the CH, will communicate information to the RSU. CH of any cluster
is determined based on the selection function as the average relative speed and dis-
tance with respect to the neighbouring vehicles. In the infrastructure-less environment,
cluster-based VANETs are utilized as a reliable framework to exchange messages between
vehicles inside the network. The messages exchanged in the infrastructure-less system
are essential, including vehicle heading, speed, acceleration, current vehicle location, and
path. Without infrastructure, the framework is designed such that message exchange is
in order of the next closest downstream connected vehicle.

Regarding data exchange, network data is generated by the leading CAV and trans-
mitted to the following vehicle, meaning no acceptance or rejection algorithm is consid-
ered. Each vehicle acts as a node in the network, sharing data with nearby vehicles,
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subject to vehicle proximity and network connectivity. We assume that the event infor-
mation is transmitted along the shortest transmission path during data transmission. If
no vehicle within the wireless communication range can relay the communication, then
the vehicle will carry the information and continue to travel.

Both VANET systems apply topology-based routing, as opposed to location-based
routing protocols. In topology-based routing, data transmission between the source and
the intended destination is formed via a control packet. By such means, all the vehicles
in the network are enabled with information on the network topology in advance. It
utilizes the connectivity status of the link between two nodes to maintain a connection.
For instance, if the CuH knows about the geographic location of any vehicle within
the cluster, there is no need for a network-wide search, to reduce overhead and packet
interference.

Each communication mode has distinct architectural characteristics and uses, in�u-
encing how VANETs are implemented and operate. These di�erences can be summarized
in Figure 3.4.

Figure 3.4: Description of Infrastructure-Supported versus
Infrastructure-less VANET Architectures.

3.3 Vehicle Cloudi�cation Architecture

The terminology used in this study regarding vehicular clouds can be summarized as
follows:

ˆ Vehicular Micro Cloud (VMC): Concept of a large number of CVs collaborating to
form small-scale virtual cloud computing facilities
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ˆ Cloud Region Rc: On-demand vehicular micro cloud formed at pre-de�ned, dis-
tributed locations in the freeway network

ˆ Cloud Head (CH): Leader of the respective VMC, and point of contact between
the cellular tower and members of the VMC

ˆ Cloud Member (CM): Members of the respective VMC, transmitting messages to
CH

ˆ Non-Cloud Member: CV in the network, not a part of any VMC

Figure 3.5: Schematic Diagrams for (a) Stationary and (b) Dynamic
Clouds.
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3.3.1 Stationary Cloudi�cation

Figures 3.5 illustrate the vehicular cloud architecture. This thesis assumes that each
cloud-enabled vehicle is equipped with access to a digital map of its environment with a
navigation system that maps GPS positions on roads. This does not require a location
service, but instead, expect vehicles to send 10 Hz periodic messages that contain their
geographic coordinates to RSUs.

The terminology used in this study regarding vehicular clouds can be summarized as
follows:

ˆ Vehicular Micro Cloud (VMC): Concept of a large number of CVs collaborating to
form small-scale virtual cloud computing facilities

ˆ Cloud Region Rc: On-demand vehicular micro cloud formed at pre-de�ned, dis-
tributed locations in the freeway network

ˆ Cloud Head (CH): Leader of the respective VMC, and point of contact between
the cellular tower and members of the VMC

ˆ Cloud Member (CM): Members of the respective VMC, transmitting messages to
CH

ˆ Non-Cloud Member: CV in the network, not a part of any VMC

In this thesis, we assume that a system operator (e.g., tra�c authority - TMC)
speci�es a set of candidate geographical regions to form vehicular micro clouds. In
this thesis, given the infrastructure density of the freeway network case study (outlined
in Chapter 4, the candidate regions are assumed to be centred at each interchange,
generally 1.5-2 km apart. Such pre-de�ned cloud regions are based on infrastructure
density and transmission capabilities of the cloud server, with all CVs integrated with
relevant information of the network. Note that, for all candidate regions, we also de�ne
Cloud Heads (CHs) and Cloud Members (CMs), where the CH acts as a cloud service
directory to store information about the provided information from CMs.

The CH in this vehicular cloud model is determined through vehicle travel time to
destination, rather than a function of the range of the cellular station or data resource
availability. Typically, it would be suitable for services that require long-lasting coop-
eration with neighbouring vehicles (Higuchi and Altintas 2017; Ucar et al. 2023b; Ucar
et al. 2019b). Note that, the work in this paper also accounts for varying cloud commu-
nication ranges between 100-500 metres, to assess the feasibility of cloudi�cation from a
communications standpoint.

Stationary clouds in freeway scenarios provide a viable option, to serve tra�c man-
agement applications, which may alleviate tra�c congestion (Ucar et al. 2019b; Higuchi
et al. 2019a; Higuchi et al. 2020). Stationary clouds generally rely on a clustering-based
model, such that CM vehicles request information from the nearest CH. In this thesis,
the following assumptions for the stationary-based clouds were made: 1) the stationary
cloud is restricted to the de�ned region and region range; 2) Only the leader decides the
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vehicle behaviours in case of incidents; 3) A member can join only one stationary cloud
at a time; 4) Before a member joins another stationary cloud, it must share remaining
vehicular or network information to preceding cloud region.

The functionality of stationary VMCs can summarized as follows:

ˆ CHs act as service directories storing information from CMs.

ˆ The CH is selected as the CV with the shortest travel time to the RSU, to reduce
the frequency of exchanges needed between CHs, CMs, and the internet cloud
server.

ˆ Once the CH leaves the cloud, the CM within theRc with the next highest travel
time is set as the new CH.

The choice between stationary and dynamic micro- clouds deployment depends on
the speci�c requirements of the application, including the need for mobility, resource
stability, and the nature of the data being processed. Some of the key di�erences are
outlined in Figure 3.6.

Figure 3.6: Description of Vehicular Cloud Structures.

3.3.2 Dynamic Cloudi�cation

The platoon-based dynamic cloud protocols are based on single-hop communications-
based messaging to maintain platoon stability. Platoon stability refers to ensuring pla-
toon members follow the platoon leader with minimal speed variation Higuchi et al.
2019a; Ucar et al. 2019b. The �rst vehicle in the platoon is the leader, who coordinates
all platoon manoeuvres. Platoon manoeuvres can happen at any time and only one
manoeuvre is allowed at a time.
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Given the mentioned assumptions made in both cloud models, it is worth noting that
both stationary and dynamic cloud models can have drawbacks, including high vehicle
mobility and, sub-networks for various vehicle types (i.e., public transit, emergency
services) Ucar et al. 2019b; Krijestorac et al. 2020; Quadri et al. 2020.

The features of the dynamic cloud using a platoon structure can be summarized as
follows:

ˆ The model considers non-platooning vehicles, which are not part of any platoon
and travel manually, though are CACC-enabled CVs.

ˆ The platoon-enabled vehicles are allowed to be part of the vehicular cloud.

ˆ The vehicles within the transmission range of a CH become a CM and directly
communicate with their respective CH, also determined via travel time, act as the
main communicator to the internet cloud server.

3.4 Tra�c Control Strategies

3.4.1 Incident Management Strategy

In addition, a distributed lane changing assistant system (DLCA) proposed in Yang and
Oguchi 2019b is applied in this thesis to conduct freeway incident management. The sys-
tem computes the optimal lane instructions for CVs to pass freeway incidents e�ciently
(Yang and Oguchi 2019a; Kang et al. 2018; Li et al. 2020a), which is deployed in the
simulation environment to mitigate travel time delays and excessive energy consumption
and emissions caused by road incidents in real-time. The performance of the incident
management system at varying CV market penetration rates is tested at various on and
o�-peak timings throughout the day and for various severity of the incidents (i.e., 1, 2,
and 3-lane incident closures).

As shown in Figure 3.7, if there is an incident on the right two lanes of the road,
the upstream vehicles will be queued on the blocked lanes, and the entire road will be
congested. The incident management system will utilize CVs to monitor tra�c conditions
at di�erent road lanes and the incident status.1 In this strategy, the speed index of each
lane, which is the utility function per CV ahead of the incident, is the most critical
parameter. The incident management system uses this speed index to provide optimal
lane-changing instructions regarding each CV to avoid congestion.

Assuming that the incident occurs at the time t inc , and it will last for a duration
of � inc . The system will collect information on all connected vehicles. At the time t,
the CAV i , which is at the distance of di (t) at the upstream of the incident, can know
the information of all other CAVs ahead if di (t) < d c; where dc is the length of the
control region of the incident management system. We assume that there areN i;j (t)
CAVs downstream of vehicle i to the incident at the time t. For any CAV k between

1Note that the freeway network studied consists of General Purpose Lanes (GPL) and High-
Occupancy Vehicle (HOV) lanes; however, we do not test for incidents in the HOV lane.
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Figure 3.7: Freeway VANET Con�guration for Incident Scenarios a)
without and b) with Incident Management System Algorithm.

vehicle i and the incident on lane j , its speed and distance to the incident arevk;i;j (t)
and dk;i;j (t), respectively, at time t. Then, the average speed of the tra�c on lane j

ahead of the CAV i at time t is calculated asvi;j (t) =
P N i;j ( t )

k =1 vk;i;j (t )
N i;j (t ) . Then, the optimal

lane, l �i (t), is selected based on lanej with the highest speed index, de�ned as:

l �i (t) = arg max
j =1 ;2;��� ;L

vi;j (t); (3.1)

where L is the number of lanes.

The incident management system is activated when a CV detects the incident and its
corresponding congestion, and the information is successfully transmitted to upstream
CVs. Hence, the system's bene�t is highly a�ected by the latency and reliability of
vehicular communications. In this paper, the system will be tested under the four
communication schemes de�ned in the previous subsection to evaluate the impact of
latency and packet loss ratios on the mobility bene�t of the system. We also evaluate
the incident management strategy's e�ectiveness using travel time delay as a mobility
metric to evaluate its ability to reduce roadway congestion. In this strategy, we also
assume non-CV vehicles remain in the same travelling lane unless it is a blocked lane
due to an incident.

Note that, the speed index,vi;j (t) is de�ned as:

vi;j (t) = � � vi;j
p(t) + (1 � � ) � vi;j

s(t); (3.2)

where, vi;j
p(t) is the perspective speed estimated based on downstream CV informa-

tion. vi;j
s(t) is the safety speed to make lane changes, and� is the perspective speed

weight factor ranging between 0 and 1. With the control strategy in place, connected
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Algorithm 1 Lane-Changing Assistant for IM Strategy
t: Simulation Time
t inc : Incident start time
� inc : Incident duration time
d(t) i : Distance upstream of the incident
dc : length of the control region
while t > t inc : do

Search for CVs within Control Region: d(t) i < d c

if CVi = i = 1 ; 2; :::; N then
get Speed Index of Lane 1;vi; 1(t)
get Speed Index of Lane j;vi;j (t)
get Speed Index of Lane L;vi;L (t)
get Optimal Lane l �i (t) = arg max j =1 ;2;��� ;L vi;j (t)
if t < t inc + � inc then

Repeat search ford(t) i < d c

end if
end if

end while
return solution

vehicles can obtain the optimal lane information, thus reducing the number of unneces-
sary lane changes and congestion propagation. The work�ow is summarized in Figure
3.8.

Figure 3.8: Work�ow of Incident Management Strategy.

In this thesis, the system will be tested under the four communication schemes de�ned
in the previous subsection to evaluate the impact of latency and packet loss ratios on
the mobility bene�t of the system. We also test for performance at varying market
penetration rates (MPRs) of CAVs (25, 50, 100%).
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3.4.2 Vehicle Platooning Strategy

The vehicle platooning strategy was tested under the four communication schemes. The
overall performance of the platoon was evaluated for its stability based on factors includ-
ing platoon leader behaviour, disturbances within the platoon, and speed oscillations.
The performance indicators include speed, latency, packet loss ratio (PLR), and time-
to-collision (TTC) de�ned as in (Dai et al. 2022) (see Eqn. 3.3).

TTCi =
pi � pf � l f

vf � vi
(3.3)

where pf and pi are the follower and leader positions respectively and similarly forvf ,
vi where v is the velocity. l f signi�es the length of the follower.

The operations of the platoon strategy in Figure 3.9 can be summarized as follows:

1. Merge Request: The Platoon Leader receives a beacon message from the requesting
CV, allowing it to initiate a merge since its platoon size is smaller than optimal.

2. Merge Response: The Platoon Leader can either accept or reject the merge request.
If the Leader is busy with another manoeuvre, it sends a rejection message to
either delay or deny the merge. The Platoon Leader accepts the merge request if
the combined platoon size remains optimal.

3. Merge Execution: Requesting CV reduces its time gap to intra-platoon spacing
and maintains a safe gap with the platoon.

Figure 3.9: Vehicle Platooning Strategy Freeway Con�guration.

As in Figure 3.9, the truck platooning strategy involves assessing the mobility of
the platoon using the rightmost or two right lanes as permissible platoon lanes, given
the lane restrictions for trucks in the two left lanes in the case study. Additionally,
the freeway sections vary between 3, 4, or 5-lane sections. The platooning strategy
enables truck platoons to avoid entry or exit ramp lanes except when necessary for their
destination route. The information is successfully transmitted to upstream CVs. This
allows the CVs to make informed decisions and adapt their behaviours based on the
platoon's movements and intentions. This thesis conducted performance tests varying
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Table 3.1: CACC Platooning Parameters

CACC
Parameter Value Units

Max acceleration 3 m=s2

Max de-acceleration 5 m=s2

size of platoon np 5-20 vehicles
Minimum headway 2 m

Platoon Communication Frequency 10 Hz

platoon sizes with 5, 10, and 15 vehicles, all of which have a length of 16 meters, with
platooning parameters de�ned in Table 3.1.

In the simulation, the platooning strategy is activated at the time tplt , and the man-
agement duration is set as� plt . During the activation, each CV under the control region
has to search for an available platoon to join. The strategy deploys the cooperative
adaptive cruise control (CACC) algorithm published in Milanes and Shladover 2014;
Shladover et al. 2012 to overwrite the default longitudinal behaviour (acceleration and
speed from car-following models), simpli�ed to be a�ected by vehicles' desired speed,
max platoon size, and CACC controller parameters, speci�cally the time gap between
the subject vehicle and the leader. The platoon leader is determined based on the vehicle
that joins the platoon protocol �rst. The leader can then be replaced by proceeding in
the following vehicle if the current leader has reached their destination. The acceleration
and speed of CVs are controlled using the following four equations:

asv(t) = ( vsv(t) � vsv(t � � t))=� t (3.4)

vsv(t) = vsv(t � � t) + kp � ek (t) + kd � e0
k (t) (3.5)

ek (t) = d(t � � t) � tg � Vsv(t � � t) � L (3.6)

e0
k (t) = Vl (t � � t) � Vsv(t � � t) (3.7)

Adopted from (Milanes and Shladover 2014), the studies in (Shladover et al. 2012;
Michail Makridis and et al. 2019) show the CACC controller algorithm and Gap Regula-
tion Control where asv: acceleration recommended by the ACC controller to the subject
vehicle (m=s2), vsv: current speed of the subject vehicle (m/s),� t: time step for each
update (s), kp and kd: gains for adjusting the time gap between the subject vehicle and
preceding vehicle (kp (s1) and kd (unitless). kp corresponds to the parameter `Distance
Gain' and kd corresponds to the parameter Speed Gain, based on AIMSUN inputs and
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ek : time gap error represent the positions of the ego-vehicle, the preceding, and the
leading vehicle position in the platoon ande0

k represents the speed gap error.

Table 3.2: Description of the CACC Simulation Environment

Conditions of the CACC Strategy
Aspect Description

Control ler States Speed Regulation, ACC Gap Regulation, Platoon Leader/Follower Gap Regulation, Non CACC
CACC Parameters Speed/Distance Gain, Time Gap Leader, Upper/Lower Threshold Time Gaps, Time Gap Followers

CACC Takeover CAMP forward collision warning

The CACC environment is de�ned by controller states, car following parameters and
takeover protocols in case of failure, as outlined in Table 3.2. The car following model,
adapted from (Milanes and Shladover 2014), de�ned an acceleration target command
(Eqn. 3.8) that is generated by the following Intelligent Driver Model (IDM) function:

aIDM = a(1 � (
v
v0

) � � (
(s0 + v � T + v� � v

2
p

ab
)

s
)) (3.8)

where v represents the current vehicle speed, the desired speed in free-�ow tra�c
conditions (set at 100 km/h), s is the inter-vehicle clearance,s0 is the vehicle-vehicle
clearance in stand-still situations, T is the minimum steady-state time gap (set at 1.1
seconds, a suitable value for CACC systems),a is the maximum acceleration andbrepre-
sents the desired deceleration (set at 2m=s2 which is considered as a proper deceleration
level for car-following behaviour. Such algorithms, and their default parameters, have
been thoroughly validated and are considered to represent a wide variety of tra�c sce-
narios. Note that, The default car-following and lane-changing algorithms, based on the
Gipps models citation, are used for non-platooning vehicles.

Whilst the vehicle platooning strategy is e�ective in providing insight into platooning
performance in a connected environment, this thesis includes assumptions regarding the
system. We assume that the CACC controller is applicable across DSRC, C-V2X, LTE-
4G and 5G, despite only being tested for DSRC in (Milanes and Shladover 2014). V2X
communications prove to be critical in the platooning strategy, as even with stable speed
changes, the responses at the tail of the platoon include a large enough delay to cause
an unstable response without V2X. Also, the assumption is that all vehicles within the
platooning strategy are autonomously driven with a 100% compliance rate.
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Chapter 4

Case Study Development

This section aims to evaluate the e�ectiveness of the VANET versus Vehicular Cloud
system in enhancing mobility and safety performance by simulating a real-world freeway
network. The chapter provides an overview of the details of the case study, that being
the freeway network, and the data used to evaluate. In addition to freeway modelling
and calibration, this section provides details of the vehicle behaviour models used and
the adoption of speci�c communication protocols for VANET and VMC performance
evaluation.

4.1 Freeway Case Study - Highways QEW and 403

In this thesis, a freeway network in the Greater Toronto-Hamilton Area (Highways
403 and QEW) is modelled in a microscopic simulator, AIMSUN, to compare the per-
formance of infrastructure-supported and infrastructure-less communications on imple-
menting the incident management system and platooning strategy. The network, pre-
sented in Figure 4.1, consists of a 32 km freeway segment, which is known for its high
congestion levels. The Origin-Destination (OD) matrices of the study network consisted
of 35 Ö 35 centroids and a total number of 52,270 car trips and 18,569 truck trips on
average between AM/PM peaks. In general, 47% of trips have a destination outside the
study area, 28% originate within the study area, and 11% have a destination within the
study zone, with the rest being thru-tra�c trips.

The OD matrices of the network were calibrated with AIMSUN's dynamic tra�c
assignment function using �eld data from 75 detector loops collected for hourly tra�c
volume mainline freeway data for freeways, and for on and o�-ramps. In the case study
network, the interchanges are spaced approximately 1.5 - 2 km apart from each other.
Therefore, the V2X framework is designed to incorporate RSUs at each interchange,
assuming cellular network coverage across the entire geographic area.

Modelling tra�c conditions was done using the AIMSUN embedded components,
including the Dynamic Tra�c Assignment and the OD (origin-destination) matrix as-
signments. The limits of the tra�c data consisted of eastward as Highway 403 and Queen
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Elizabeth Way (QEW) at Erin Mills Parkway in Mississauga, Ontario, and westward as
QEW/403 at Burloak Drive in Burlington, Ontario 1.

OpenStreetMap was used to calibrate and import data on turning movements, road-
way information including speed, road type (i.e., freeway, major or minor arterial), and
geometry-based GPS coordinates. The model is manually adjusted to account for HOV
and GPL lane restrictions and only for tra�c from on and o�-ramps. This model does
not account for tra�c patterns on major or minor arterial roads, solely freeway patterns.
The simulation also does not include other infrastructure such as transitways, cycling in-
frastructure, carpooling, and other residential, commercial, or industrial infrastructure.
Note that the freeway project limits intersect with the tolled freeways. Whilst AIMSUN
does provide modelling for freeway tolling and cost calculations, that is beyond the scope
of the thesis; hence this thesis do not consider any modelling of tolled highways.

Figure 4.1: Freeway Con�guration in AIMSUN.

4.1.1 Freeway Network Data Calibration and Validation

AIMSUN recommends two Goodness-of-Fit tests as performance indicators: Theil'sU
and GEH Statistic. Theil's U statistic relative accuracy measure compares the simulated

1Given that components of this thesis were funded by the Ministry of Transportation of Ontario
(MTO), the data is sourced from the MTO freeway and extry/exit ramp vehicle detector loop datasets,
for speed (km/h) and vehicle �ow (vehs/hour/lane)
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results with the real data. GEH Statistic, although like a chi-squared test, is not a
true statistical test; it is an empirical formula that has proven to be useful in tra�c
engineering (McCarthy. 2005). 68 of the 75 detector loops observed a Theil'sU statistic
ranges between 0.1 and 0.2, and a GEH statistic is between 0 and 5, considered a good
model �t (McCarthy. 2005). Validation for the calibrated data compared to observed
data from the case study by comparing tra�c volumes during AM and PM peak hours,
repeated for �ve simulation iterations, with an average R2 of 0.961. Generally, for the
whole network, the di�erences between the simulated and observed link �ow rates are
less than 1%, which indicates that the simulation can accurately represent real-world
tra�c conditions.

4.1.2 Simulation Model Input Settings

To conduct a comprehensive comparison of the infrastructure-supported and infrastructure-
less systems on CAV applications, this thesis simulated the implementations in the free-
way network with di�erent tra�c conditions. The network is simulated at two di�erent
time frames with durations of 4.5 hours: AM peak from 7 am to 11:30 am, and PM
peak from 4 pm to 8:30 pm. For the incident management strategy, we test across 25%,
50%, and 100% MPR, whilst adjusting the allowable dynamic vehicle response lags: 1.0,
2.0, and 3.5 seconds. We seek to gain insight into performance at various response lags,
speci�cally the responsiveness, or lack thereof, of CAVs during peak delays. Previous pa-
pers have identi�ed that the response lags beyond 1-2 seconds is where major reductions
in mobility are observed (Bey and Tewolde 2019; Bartoletti et al. 2021).

4.2 Infrastructure-Supported and Infrastructure-less VANET
Architectures

Table 4.1: Infrastructure-Supported and Infrastructure-less VAMET In-
puts

Infrastructure-Supported
DSRC C-V2X LTE 4G 5G

PLR 0.15 0.175 0.125 0.15
Default Latency (ms) 150 150 250 200

Communication Range (m) 300 300 1000 500
Infrastructure-less

PLR 0.175 0.20 0.20 0.175
Default Latency (ms) 200 200 300 300

Communication Range (m) 300 300 1000 300

For the platooning strategy, regardless of the size of platoonnplatoon = 5, 10, 15. We
assume that the connected platoons, follow the same default inputs as in Table 4.1.
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4.2.1 Vehicle Behaviour and Modelling

Vehicles are updated according to vehicle behaviour models: �Car-Following� and �Lane-
Changing�. The car-following model implemented in Aimsun Next is based on the Gipps
model. Parameters are dependent on the �driver type� (speed limit acceptance of the
vehicle), the geometry (speed limit on the section, speed limits on turns, etc.), the
interaction of vehicles on adjacent lanes, etc. It consists of two components, acceleration
and deceleration. The �rst represents the intention of a vehicle to achieve a certain
desired speed, while the second reproduces the limitations imposed by the preceding
vehicle when trying to drive at the desired speed. The second component is modelled as a
decision process, analyzing the necessity of the lane change (such as for turn manoeuvres
determined by the route), the desirability of the lane change (to reach the desired speed
when the leader vehicle is slower, for example), and the feasibility of the lane change
depending on the position of the vehicle in the road network to the lane geometry and
adjacent vehicles.

4.3 Communication Protocols

By analyzing the latency and PLR for di�erent scenarios and test cases, we can evaluate
the performance and e�ectiveness of both VANET and vehicular cloud communication to
study their impact on the communication network performance. This thesis involves an
evaluation of four communication protocols: DSRC, C-V2X, 4G LTE, and 5G. Note, that
our model input parameters for DSRC are based on the IEEE 802.11p standard, whereas
C-V2X, LTE 4G and 5G, are outlined in Table 4.2. As speci�cations in future releases
are outlined, these protocols can be adjusted and re�ected in real-world conditions.

It should be noted that the communication modes de�ned in this work are based on
the following de�nitions (Molina-Masegosa and Gozalvez 2017(b)):

ˆ DSRC : IEEE 802.11p Wireless Access for Vehicular Environments (WAVE), a
modi�ed version of the familiar IEEE 802.11 (WiFi) standard.

ˆ C-V2X : 3GPP Long-Term Evolution (LTE) Release 14 and evolved in Release 15,
speci�cally modes 3 and 4, based on the interface `PC5'.

ˆ LTE-4G : LTE-based V2X, noted as LTE-V in the Chinese vehicular communica-
tions industry, and LTE-based V2X was rede�ned as LTE V2X in 3GPP standards.

ˆ 5G : Based on the Release 15 to support �fth-generation (5G) V2X, 5G-NR uplink,
downlink, and sidelink operations, such as Ultra-Reliable Low latency Communi-
cations (URLLC) sidelink.

Based on the communication scheme chosen (i.e., DSRC, C-V2X, LTE 4G, or 5G), we
de�ne two other input parameters: communication range and packet loss ratio, whilst
measuring the observed values of PLR and latency (see Table 3.1 and 4.2). The com-
munication ranges for all schemes are based on the range that maintains less than 10%
PLR in the freeway scenario, as de�ned in Bey and Tewolde 2019; Molina-Masegosa and
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Gozalvez 2017(a); Molina-Masegosa and Gozalvez 2017(b); Toghi et al. 2018; Hakeem
et al. 2020. The input latency and PLR were de�ned based on average values observed in
Molina-Masegosa and Gozalvez 2017(a); Molina-Masegosa and Gozalvez 2017(b); Toghi
et al. 2018; Hakeem et al. 2020.

Table 4.2: Simulation Communication Parameters

Parameter DSRC C-V2X LTE 4G 5G
Packet Loss Rate (PLR) 0.15 0.175 0.125 0.15

Default Latency (ms) 150 150 250 200
Communication Range (m) 300 500 1000 500
Carrier Frequency (GHz) 5.9

Channel Bandwidth (MHz) 10
Transmission Rate (Mbps) 6 6, 10 10 10

Packet Size (bytes) 300, 500
Packet Frequency (Hz) 10
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Chapter 5

VANET Communication System
Performance

This section aims to provide a comprehensive comparative analysis of infrastructure-
supported versus infrastructure-less VANET models, whilst considering the impacts of
roadside infrastructure failure on the freeway network. The comparison consists of an
evaluation of both VANET models for communication, mobility and safety performance.

5.1 Infrastructure-Supported VANET System

To evaluate the infrastructure-supported system, multiple metrics, including latency
and PLR, were selected in this thesis. The incident management also considers travel
time delay (TTD), section speed, lane speed, and queue length formation as metrics to
evaluate the strategy's e�ectiveness on network mobility and congestion reduction. The
platooning strategy was also analyzed for the same parameters but also to include safety-
based parameters, including time-to-collision (TTC) and platoon speed, to mitigate
tra�c �ow disruptions.

Concerning the model's performance for the incident management application, as
expected, the latency and packet loss ratio observed increases with increasing vehicle
density, which is sensible given the increased probability of communication interference
with a higher penetration rate of CVs. Our �ndings concerning packet loss align with
previous literature conclusions as in (Li et al. 2020b; Molina-Masegosa and Gozalvez
2017(a); Molina-Masegosa and Gozalvez 2017(b); Toghi et al. 2018; Hakeem et al. 2020;
Mannoni et al. 2019), with linearly increasing relation between PLR and vehicle density
Figure 5.7 compares DSRC, LTE-4G, 5G communications for vehicle delays as a function
of PLR. Besides, infrastructure-supported, across DSRC, C-V2X 4G or 5G technology,
is the idealistic scenario for vehicular networks under various network conditions and
parameter values in terms of reliability, delay, and scalability. We observe that DSRC
and C-V2X perform similarly to their latency and packet loss ratio at varying MPR.
Although C-V2X is claimed to have a wider range of applications and use case man-
agement, the performance remains stable. Figure 5.7 suggests, similarly to previous

41



Master of Applied Science� Jonathan Brandon Sukhu ; McMaster University�
Department of Civil Engineering

Figure 5.1: Distributions as a Function of Tra�c Density for Varying
MPR for Infrastructure-Supported of (a) DSRC, (b) 4G-LTE communi-
cations
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literature, that 5G is capable of outperforming 4G-LTE, even at vehicle densities be-
yond 100 vehs/km, which is promising given the emerging 4G/5G standards to create
idealistic autonomous vehicle applications. Whilst measuring such extreme cases of con-
gestion (ie., jam conditions) may not re�ect signi�cant mobility bene�ts compared to
smaller vehicle densities, our �ndings also delineate each system's performance under
stringent conditions, such as high CV density.

Concerning network communication, whilst an increasing MPR correlates to a lower
TTD however, consequently, a higher latency delay, as in Figures 5.3 and 5.2. Given that
cellular technologies are prone to handover latency, with increased CV density, which
may lead to latency increases as in Figure 5.2. With increased latency delay in 4G LTE,
5G due to the pre-con�gured sideline resources for message transmission, in combination
with larger packet transmission rates, can also reduce mobility. Because the framework
for cellular technologies is able to prioritize sections with roadway incidents (as updated
by CVs) and VANET cluster availability, TTD improvements with coordinated channel
access are able to be highlighted in Figure 5.3, compared to DSRC.

5.2 Infrastructure-Supported VANET System: Road Side
Infrastructure Failure

Whilst an infrastructure-supported communication system represents an idealistic sce-
nario; however, the research �ndings highlight the signi�cant impacts of non-recurring
disruptions to roadside infrastructure. Notably, it is susceptible to infrastructure fail-
ures, which indicates the advantages of infrastructure-less V2V systems. The conclusions
drawn regarding the e�ects of non-recurring disruptions remained consistent regardless
of the time of occurrence (i.e., during peak or o�-peak hours). This is evident in both
the incident management system and truck platooning strategy, with increases in travel
delay and reduced safety of the freeway. This emphasizes the importance of considering
and addressing system vulnerabilities caused by non-recurring failures.

Whilst increasing the incident duration would create extensive delays and long queues
in the tra�c, the chosen duration of one hour was deemed su�cient for analyzing the
e�ects of non-recurring disruptions. Across all default latency and MPRs measured,
the system failure results in signi�cant delays in message transmission between CAVs.
This translated into increased travel time delay, which can be caused by the sudden
network disruption, where message transmission is interrupted and delayed. Increasing
MPRs resulted in CAVs' lack of responsiveness to incidents and surrounding vehicle
behaviours. It should be noted that increased vehicle densities, usually peak hours of
the day in combination with MPR greater than 50%, are the most vulnerable cases for
lack of network responsiveness.

The incident management system observed a decrease in system e�ciency as a result
of failure, based on increases in latency delay and TTD, surpassing the �gures observed
in the use cases without failure. On average, TTD observations outlined in Figure 5.3
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Figure 5.2: Comparison of latency (ms) for the incident management
system, for 2-Lane closure for Vehicle Densities (vehs/km) of (a) 25, (b)
50, and (c) 100
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Figure 5.3: Comparison of Travel Time Delay (secs) with the incident
management system, 3-Lane Closure for Vehicle Densities (vehs=km) of
(a) 25, (b) 50, and (c) 100
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increased by 84.2 seconds as a result of network failures, compared to the infrastructure-
supported scenario. As noted in (Yang and Oguchi 2019a), at MPRs greater than 50%,
the delay savings were not as signi�cant as compared to the 50% MPR scenario. While
our travel delay was signi�cantly reduced in the 100% MPR scenario, the percentage
decrease between 100% and 50% was 4.89%, whereas the 50% and 25% transition sce-
nario was a 7.12% decrease. This suggests that while the incident management strategy
was e�ective in reducing travel time delay, monitoring the robustness of the system at
high MPRs is essential for optimal road congestion mitigation. At higher MPRs, in
combination with increased vehicle congestion on the roadway, could reduce the bene�ts
of incident management. However, given the already high levels of congestion of the
network itself, the �ndings suggest even with increasing the number of lanes closed on
the freeway, the system still alleviates congestion caused by the incident.

Notably, the impacts of the roadside infrastructure failure are evident, from a com-
munications and operational standpoint. Particularly in high-congestion scenarios, the
travel time delay increases on average 7 minutes longer compared to the infrastructure-
supported and even the infrastructure-less VANET systems, due to infrastructure fail-
ures. We can also expect the safety performance of the vehicles to diminish due to
infrastructure failure. Infrastructure failure can also a�ect manoeuvre operation signif-
icantly, and it is crucial to design a platoon management protocol that is resilient to
packet losses and be able to manoeuvre safely within dense vehicle environments.

The truck platooning strategy, with increasing vehicle size of the platoon, was able
to produce an inverse relationship between the latency delay and travel time delay.
With increasing platoon size, as in Figure 5.6, the average TTD of the network was
reduced by almost 10% though on the contrary, the latency delay increased. Generally,
the di�erence between the 5-vehicle versus 15-vehicle platoon cases was approximately
5.8%. Regardless of the communication mode evaluated, this work also delineated that
increasing communication delay suggests a lack of platoon e�ciency at higher sizes, the
di�erences in the performance between the 10-vehicle versus 15-vehicle platoons scenarios
were marginal. For example, the di�erence between 5 versus 10-vehicle TTD and latency
delay was 9.9% and 5.3% respectively. However, the di�erences between 10 versus 15-
vehicle platoons were 2.6% and 1.9% for TTD and latency delay. In other words, whilst
increasing the platoon size can reduce congestion in the network, the enhancement is
less when the platoon size is larger. The stability and exchange of vehicular movements
within the platoon su�er from extensive latency delay and packet loss with higher platoon
sizes. Considering basic logistics scheduling, wireless communication limitations and
rapidly diminishing incremental e�ciency gains as platoons get longer it is sensible that
the ideal platoon size suggests to be between 5-10 vehicles in our work.

5.3 Infrastructure-less VANET System

This subsection aims to substantiate previous assertions regarding infrastructure-less
systems by demonstrating substantial enhancements in network management and con-
gestion reduction across di�erent MPRs of connected vehicles. It is expected that,
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despite lacking infrastructure support, this system exhibits comparable performance to
infrastructure-supported systems across key metrics such as highway capacity, vehicle
speed, travel time delay, platoon speed, and TTC. Given the system's impressive per-
formance, these �ndings support the transition towards reduced reliance on roadside
infrastructure. Infrastructure-less systems o�er �exibility in deployment as they do not
require extensive infrastructure. Without infrastructure, the framework is designed to
exchange messages between CAVs in order of the next closest downstream connected
vehicle. This is critical in collision warning and emergency vehicle alerts or movements.

This communication structure eliminates the potential for non-recurring communica-
tion disruptions in the framework. The simulation scenarios evaluated various vehicular
incident severity, and the message transmission remained una�ected. Beginning with
PLR distributions for varying latency, as depicted in Figure 5.4, were measured at a
density of 25 veh/km, wherein stable trends were observed in the data. Below this
density, conditions are essentially free �ow, and vehicle speeds can exceed 120 km/h.
However, it is essential to note that at such high speeds, the PLR may increase due to
the stochastic probability for packet reception within the model. Given that our model
considers VANETs as a function of range rather than a negotiated membership protocol,
a connected vehicle's likelihood to create a VANET at such low densities is unlikely.

The stellar performance of the infrastructure-less system in Figure 5.4 (b), in compar-
ison to the infrastructure-supported in Figure 5.4 (a), given their PLRs are within 6%
of each other. The impact of network failures becomes evident in Figure 5.4 (c), where
the PLR exceeds 50% beyond the 50% MPR threshold. This contrasts with Figure 5.4
(a) and (b), where this trend is observed only at the 45% latency threshold.

With respect to the truck platooning strategy, the default latency increased as the
number of vehicles within the platoon (nplatoon ) increased. We observed a signi�cant
increase in both the standard deviation of the average vehicle platoon speed (based
on platoon leader) and the latency. With an increased latency beyond 3 seconds, the
rami�cations of delayed message transmission are evident, as the platoon leader's be-
haviour and information status are all delayed. The review of the platooning strategy
also leveraged the shift towards minimal infrastructure reliance given how similarly our
infrastructure-supported and infrastructure-less cases performed, that is, within 3.56%
of each other, on average. The platooning metric varied for the number of vehicles within
the platoon; with a larger platoon size, the average platoon speed increased with reduced
TTC.

The TTC con�ict threshold proposed in (Dai et al. 2022) is 2.5 seconds in a free-
way scenario, with less than 2 being signi�cantly higher risk of collision. As in Figure
5.5(c), we observed the average TTC fall below 3 seconds in the failure scenario, which
is signi�cant given that a 2-3 second threshold is accepted for platooning highway sce-
narios (Dai et al. 2022). Whilst it remains above 2 seconds, these �ndings provide
insight into degrading safety performance in freeway operations. However, without fail-
ure, the infrastructure-supported and infrastructure-less scenarios both observe TTCs
above 3 seconds, indicating that the collision risk is low in both infrastructure-less and
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infrastructure-supported systems. Besides, communication disruptions are not frequent
in real-world scenarios, and our model demonstrated that failures could disrupt the
operational performance of freeways, more so from a communications standpoint.

Even during roadside failures, the safety of the network is maintained to a consid-
erable level, which is sensible given that the coordination of vehicle motions within a
platoon is done by direct V2V. In short, this indicates that the platoon mobility and
safety performance are not a�ected solely on the infrastructure side, but also how sur-
rounding tra�c adapts to the loss of infrastructure communications during failures.
Given that at large platoon sizes, the range of infrastructure and assumptions made for
the V2X system may not account for the complexity of large connected systems. Our
observations emphasize the adverse e�ects of infrastructure failures on the mobility and
safety of the platooning system. In addition, our �ndings demonstrate comparable per-
formance between infrastructure-supported and infrastructure-less VANETs, with the
di�erence between both systems' average TTC being 3.5%.

The performance of the incident management system in this architecture also sup-
ported the bene�ts of an infrastructure-less system. In Figure 5.7, the latency of the
infrastructure-less system was within 3.4% of the infrastructure-supported system and,
in the case of the DSRC scheme, outperformed the supported system. In Figure 5.6, the
travel time delay in the infrastructure-less system reduced congestion in the network,
even at high MPRs. Whilst our incident management strategy is based upon the speed
index per lane, for future considerations, a centralized lane-changing assistant system
should optimize the network performance even at very high MPR and tra�c demands
(Yang and Oguchi 2019a).

As noted in (Higuchi et al. 2017a), and similarly observed in Figure 5.6, platoon-
ing in a V2X environment can have potential drawbacks that require more research.
During o�-peak hours, vehicle densities were generally below 35 vehs/km, with vehicles
mostly travelling at free-�ow speed, and the platoon size,nplatoon , was typically less than
5. At higher speeds, a higher probability of latency delay and PLR becomes likely, as
highlighted by (Higuchi et al. 2017a). Similarly, at higher vehicle densities and penetra-
tion rates, speci�cally during severe congestion, evaluating the e�ectiveness of platoon
mobility becomes challenging.

5.3.1 Comparison of Network Performance per Communication Pro-
tocol

However, the trade-o�s should be noted, as with the PLR observations in Figure 5.4.
In both �gures, we observe that even with 100% MPR, or signi�cantly high congestion
levels, increased packet loss probability and communication delay is inevitable. Whilst
we expect tra�c �ow and travel time delay to be signi�cant in a fully CV environment,
there are multiple caveats from a communications standpoint. This portion of the thesis
could leverage the shift to infrastructure-less VANET environments but also demonstrate
the bene�ts of cellular-based communications for freeway tra�c management. Whilst
4G-LTE/5G suggests superior performance compared to DSRC, the PLR still observes
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beyond 50% when MPRs� 80% in combination with Vehicle Densities� 85 vehs/km. In
addition, whilst the PLR decreases in LTE-4G and 5G, higher latency in both modes is
observed compared to C-V2X and DSRC, on average 6.4% higher. However it should be
noted at higher vehicle densities (� 85 vehs/km), this di�erence between DSRC versus
LTE 4G/5G decreases to less than 4%.

In addition, cellular technologies may lead to latency increases, as shown in Figure 5.2
or 5.6(a). Such �ndings are sensible given the computational complexity associated with
their mechanisms for coordinated message exchange and packet dissemination between
cluster heads and internet servers. In dynamic applications such as platooning, whilst
the manoeuvrability of CAVs improves, at high MPRs or vehicle densities, the overhead
and communication delay is prone to signi�cant increases. Whilst we see similar obser-
vations in DSRC, given the simplicity of the protocol strategy, this can be attributed to
the lower latency observed, on average 4.8% less than C-V2X, 4G LTE, and 5G. Fig-
ure 5.6(a) provides insight into system performance with varying platoon size, for the
infrastructure-less VANET system only, to observe the advantages of newer protocols in
5G. Particularly, synchronization in signal transmission, based on the intervals of cluster
heads as well as pre-con�gured resource availability in side-link channels for 4G LTE and
5G, proves to be bene�cial in relieving congestion and communication overhead, even
in longer platoons beyond 10 vehicles. From a tra�c management perspective, VANET
clusters for platoon sizes between 5-10 vehicles are suggested to be optimal given the
increased travel time and latency delay.

In short, thesis portion of the analysis presents meaningful insights into the imple-
mentation of communication protocols in combination with novel communication archi-
tectures using VANETs via V2I or V2V approaches. The �ndings can be summarized
according to the following:

1. DSRC : Whilst mature and reliable, features such as in DSRC for message trans-
mission is costly, particularly in scenarios of high mobility and incident-induced
congestion. In addition, the latency variance and packet loss rate are higher com-
pared to cellular technologies, generally above 400m CR, due to issues in network
scalability and no use of geo-zoning protocols of CAVs in DSRC. On average, the
increased latency and PLR is around 5.9% and 11.1% compared to C-V2X, LTE
4G, 5G.

2. Cellular-V2X : Cellular communications can provide stellar advantages over DSRC
due to coordinated transmission, and semi-coordinated resource allocation. How-
ever, given the autonomous, random exchange of messages between CHs and CMs,
in congested scenarios, signi�cant increases in packet loss and increased TTD can
be expected.

3. 4G LTE/5G : It is elemental to highlight the coordination between all compo-
nents in the VMC system for 4G LTE and 5G. Dynamic geo-zoning to accurately
disseminate network information, and signal synchronization to reduce overhead in
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high tra�c density scenarios. As a result, whilst 4G LTE exhibits a low PLR sim-
ilar to 5G, improved node synchronization and pre-con�guration of side-link data
resources can be attributed to reduced latency delay in 5G, on average 8.9% lower
than 4G LTE. Additionally, the mobility, especially at high CRs, is also superior
in 5G compared to 4G LTE.

4. Infrastructure-Supported versus Infrastructure-less VANETs : Current
VANET deployments mainly rely on a centralized control system that fails in scal-
ing or employs decentralized schemes that could yield sub-optimal coordination
and, accordingly, poor system performance.

5. Impact of Roadside Infrastructure Failures : Our �ndings emphasize the im-
plications of infrastructure failures in VANETs. The increased number of message
hand-o�s, aggravated by the high mobility of vehicles, results in a high cost of
communication between the individual vehicles and the central stations resulting
in a low system e�cacy, given the increases in TTD, packet loss and latency delay.
However, it should be noted whilst the safety of the freeway network is maintained,
there is increased collision risks due to roadside failures.
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Figure 5.4: C-V2X Distributions as a Function of Tra�c Density for
Varying MPR for (a) Infrastructure-Supported, (b) Infrastructure-Less,
and (c) Roadside Infrastructure Failure.
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Figure 5.5: Truck Platoon TTC (secs) Performance for VANETs of
a) Infrastructure Supported and b) Infrastructure-less, and c) Roadside
Infrastructure Failure, for nplatoon = 5 vehicles.
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Figure 5.6: Comparison of TTD (seconds) with varying platoon size
during incident management for 1-lane closure for (a) Infrastructure-
Supported VANET and (b) Infrastructure-less VANET
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Figure 5.7: Comparison of Latency (ms) with varying platoon size
during incident management for 1-lane closure for (a) Infrastructure-
Supported VANET and (b) Infrastructure-less VANET
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Chapter 6

Vehicle Cloudi�cation System
Performance

This section aims to provide a comprehensive comparative analysis of stationary versus
dynamic platoon-based cloudi�cation models. The comparison consists of an evaluation
of both cloud models for communication, mobility and safety performance. Before in-
troducing a comparison of vehicle cloud models, this section of the thesis also alludes
to caveats of VANET performance under large platoon sizes and incident-induced con-
gestion. Given the results presented in the subsequent subsection, this could leverage
vehicular cloud models as a viable alternative for freeway tra�c management without
sacri�cing communication performance,

6.1 Network performance caveats with the VANET Com-
munication System

This subsection validates previous observations of VANET systems, demonstrating satis-
factory travel time under various market penetration rates (MPRs), and vehicle densities.
It is anticipated that even without infrastructure support, the VANET system can pro-
vide adequate performance concerning highway capacity, mobility and safety. However,
as expected, the observed latency and packet loss ratio increase with increasing vehicle
density, which is sensible given the increased probability of communication interference
with more connected vehicles in the communication system. This makes VANET systems
susceptible to communication overhead and system overload. Given the computational
complexity in managing transmission power, data dissemination rates, and network in-
formation storage for each CV; this also leads to issues in communication delays and
packet loss.

Figure 6.1 provides insight into the network PLR performance as a function of mar-
ket penetration rate and communication range. The �gure also provides insight into the
impact of higher mobility on VANET architecture, notably their susceptibility to inter-
ference. Even at communication ranges larger than 500 metres, at high MPRs beyond
80%, the system observes an increase in the likelihood of interference, as suggested by
the PLR. We have seen previously that tra�c density and packet loss ratio observe a
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near-linear and increasing relationship, suggesting that a higher density of vehicles will
result in higher interference probability (Quadri et al. 2020; Krijestorac et al. 2020). Also
based on Figure 6.1, beyond the 50% MPR, the peak PLR surpasses 60%, or even 70%
for DSRC mode, which can lead to roadside infrastructure or cellular network failure.
Reducing packet loss or latency is necessary when introducing tra�c management strate-
gies, as in this use case, or complex membership or message dissemination algorithms
for communication purposes.

Figure 6.2 compares latency between VANETs and VMCs, under all four commu-
nications. Whilst the VANET provides latency and PLR within the popularized QoS
requirements, it is evident the probability of communication delay and reduced mobility
is likely as vehicle density increases. As identi�ed previously, DSRC does not require
a universal authority to regulate message dissemination, which reduces computational
complexity per CV, which in the study scenario resulted in reduced latency delay by
5.4% on average compared to VANETs deployed with 4G LTE, or 5G. On the other
hand, with increasing vehicle density, the di�erences are marginal between DSRC versus
cellular technologies, emphasizing the lack of scalability of DSRC in congested scenarios.

Generally, the performance of VANETs during the free �ow conditions compared
to VMCs sees improvements in latency delay, regardless of the communication mode.
However, the caveats of increased vehicle density or signi�cant roadway events lessen the
e�ectiveness of VANETs in terms of communication latency. In the proceeding subsec-
tions, this component of the comparative analysis will elaborate on the performance of
VMCs during the same freeway tra�c management strategies and conditions tested for
the VANET systems. This could leverage the shift to vehicular micro clouds (VMCs),
where vehicles may o�oad some computational tasks to a remote cloud server(s) through
cellular networks or roadside units.

The computational complexity outlined in cellular technologies, while e�ective in
reducing packet loss, may pose challenges in managing large networks due to increased
latency. This is expected given the cluster-based vehicle-to-vehicle nature of our VANET
architecture. The routing protocol for message transmission is designed to handle the
frequently changing network topology and the highly dynamic nature of CVs. However,
the results suggest that the VANET system lacks e�ciency in highly dynamic networks
or heavy tra�c conditions. The observed trends remain consistent across di�erent tra�c
settings (i.e., free �ow and incident-induced congestion).

6.2 Network Performance of Stationary Vehicular Cloud
System

One of the research outcomes of this thesis is to evaluate the impacts of system overload
and communication overhead in VANETS, thus emphasizing the bene�ts of vehicular
clouds. Speci�cally, the high packet transmission within the communication network
by connected vehicles, especially with advanced tra�c management strategies in place.
Given that ad-hoc systems are susceptible to network system overload and may present
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Figure 6.1: VANET PLR Distributions as a Function of MPR for Vary-
ing Communication Range for (a) DSRC and (b) LTE-4G
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